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MEASUREMENT SYSTEM THAT INCLUDES between a body and support surface . For example , in bio 
AT LEAST ONE MEASUREMENT medical applications , force measurement systems are used 

ASSEMBLY , A HEAD - MOUNTED VISUAL for gait analysis , assessing balance and mobility , evaluating 
DISPLAY DEVICE , AND A DATA sports performance , and assessing ergonomics . In order to 

PROCESSING DEVICE 5 quantify the forces and moments resulting from the body 
disposed thereon , the force measurement system includes 

CROSS - REFERENCE TO RELATED some type of force measurement device . Depending on the 
APPLICATIONS particular application , the force measurement device may 

take the form of a balance plate , force plate , jump plate , a 
This is a continuation - in - part of U.S. Nonprovisional 10 force plate array , or some other device that is capable of 

patent application Ser . No. 16 / 550,219 , entitled “ Measure quantifying the forces and moments exchanged between the 
ment System That Includes At Least One Measurement body and the support surface . 
Assembly , A Head - Mounted Visual Display Device , And A Although , it is often difficult to accommodate conven 
Data Processing Device ” , filed on Aug. 24 , 2019 ; which is tional force measurement systems in the spaces of many 
a continuation - in - part of U.S. Nonprovisional patent appli- 15 buildings due to their expansive sizes . For example , a force 
cation Ser . No. 16 / 283,685 , entitled “ Force Measurement plate array , which is often used as part of a gait lab in a 
System That Includes A Force Measurement Assembly , At building , typically occupies a considerable amount of floor 
Least One Visual Display Device , And One Or More Data space in the building . In addition to the difficulties associ 
Processing Devices ” , filed on Feb. 22 , 2019 , now U.S. Pat . ated with the space requirements for these systems , conven 
No. 10,390,736 ; which is a continuation - in - part of U.S. 20 tional force measurement systems are not capable of effec 
Nonprovisional patent application Ser . No. 15 / 908,323 , tively immersing the subject being tested in a virtual reality 
entitled “ Force Measurement System That Includes A Force environment , which may be used to simulate real - life sce 
Measurement Assembly , A Visual Display Device , And One narios that are encountered by the subject . 

Therefore , what is needed is a force measurement system Or More Data Processing Devices ” , filed on Feb. 28 , 2018 , now U.S. Pat . No. 10,216,262 ; which is a continuation - in - 25 that includes an immersive visual display device that enables 
part of U.S. Nonprovisional patent application Ser . No. a subject being tested to become fully immersed in a virtual 
15 / 242,558 , entitled “ Force Measurement System That reality scenario or an interactive game . Moreover , what is 
Includes A Force Measurement Assembly , A Visual Display needed is a force measurement system that is capable of 
Device , And One Or More Data Processing Devices ” , filed fully immersing a subject in a virtual reality environment , 
on Aug. 21 , 2016 , now U.S. Pat . No. 9,916,011 ; which 30 yet compact enough to fit in typical building spaces . Fur 
claims the benefit of U.S. Provisional Patent Application No. thermore , what is needed is a measurement system that 
62 / 208,671 , entitled “ Force Measurement System ” , filed on generates one or more visual elements for superimposition 
Aug. 22 , 2015 , the disclosure of each of which is hereby onto a system user and / or an object being manipulated by the 
incorporated by reference as if set forth in their entirety system user , and displays the one or more superimposed 
herein . 35 visual elements on a head - mounted visual display device 

worn by the system user or an observer . 
STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH OR DEVELOPMENT BRIEF SUMMARY OF EMBODIMENTS OF 
THE INVENTION 

Not Applicable . Accordingly , the present invention is directed to a mea 
NAMES OF THE PARTIES TO A JOINT surement system that substantially obviates one or more 

RESEARCH AGREEMENT problems resulting from the limitations and deficiencies of 
the related art . 

Not Applicable . In accordance with one or more embodiments of the 
present invention , there is provided a measurement system 

INCORPORATION BY REFERENCE OF that comprises at least one measurement assembly having at 
MATERIAL SUBMITTED ON A COMPACT least one measurement device , the at least one measurement 

DISK device configured to sense one or more measured quantities 
50 related to a system user and output one or more signals that 

Not Applicable . are representative of the one or more measured quantities ; a 
head - mounted visual display device having an output 

BACKGROUND OF THE INVENTION screen , the head - mounted visual display device configured 
to display one or more images on the output screen so that 

1. Field of the Invention 55 the one or more images are viewable by the system user ; and 
a data processing device operatively coupled to the at least 

The invention generally relates to measurement systems . one measurement assembly and the head - mounted visual 
More particularly , the invention relates to a measurement display device , the data processing device configured to 
system that is capable of superimposing visual elements receive the one or more signals that are representative of the 
generated from output data of a measurement device onto a 60 one or more measured quantities and to convert the one or 
system user , an object being manipulated by a system user , more signals into measurement output data , the data pro 
or a representation of a system user in a scene . cessing device further configured to generate one or more 

graphical representations of the measurement output data for 
2. Background and Description of Related Art superimposition onto a visual representation of the system 

65 user and / or an object being manipulated by the system user , 
Force measurement systems are utilized in various fields and display the superimposed measurement output data on 

to quantify the reaction forces and moments exchanged the head - mounted visual display device so that the system 

40 

45 
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user is able to visualize the superimposed measurement from the at least one motion capture device ; and the one or 
output data when wearing the head - mounted visual display more graphical representations of the measurement output 
device , and adjust his or her movements based upon feed- data generated by the data processing device and superim 
back from the superimposed measurement output data . posed onto the visual representation of the system user are 

In a further embodiment of the present invention , the 5 generated using the output forces and / or moments deter 
head - mounted visual display device is in the form of an mined from the force measurement assembly and / or the one 
augmented reality headset , a virtual reality headset , or a or more positions of the one or more body portions of the 
mixed reality headset . system user determined from the at least one motion capture 

In yet a further embodiment , the one or more graphical device . 
representations of the measurement output data superim- 10 In yet a further embodiment , the force measurement 
posed on the visual representation of the system user and / or assembly is in the form of a force plate or an instrumented 
the object being manipulated by the system user comprise treadmill . 
one or more force and / or one or more moments . In still a further embodiment , the system user is an athlete , 

In still a further embodiment , the data processing device and the one or more graphical representations of the mea 
is further configured to generate a visual representation of 15 surement output data superimposed on the visual represen 
the system user in the form of an avatar , and the measure- tation of the system user and / or the object being manipulated 
ment output data is superimposed on the avatar . by the system user comprise a graphical representation of a 

In yet a further embodiment , the at least one measurement movement , force , or torque associated with the athlete so 
assembly comprises a force measurement assembly config- that the athlete is able to improve his or her athletic 
ured to receive the system user , and the force measurement 20 performance by self - training . 
assembly includes a top surface for receiving the body of the In yet a further embodiment , the object being manipulated 
system user ; and at least one force transducer , the at least by the system user is a tool that the system user is using to 
one force transducer configured to sense one or more manipulate a mechanical element , the at least one measure 
measured quantities and output one or more signals that are ment assembly comprises a sensor assembly disposed on or 
representative of forces and / or moments being applied to the 25 in the tool , and the one or more graphical representations of 
top surface of the force measurement assembly by the the measurement output data superimposed on the visual 
system user . representation of the tool being manipulated by the system 

In still a further embodiment , the force measurement user comprise a graphical representation of a force or torque 
assembly is in the form of a force plate or an instrumented being applied to the mechanical element by the tool . 
treadmill . In still a further embodiment , the mechanical element is 

In yet a further embodiment , the data processing device is in the form of a fastener , the system user is applying a 
further configured to receive the one or more signals that are tightening torque to the fastener , and the one or more 
representative of the forces and / or moments being applied to graphical representations of the measurement output data 
the top surface of the force measurement assembly by the superimposed on the visual representation of the tool being 
system user , and to convert the one or more signals into 35 manipulated by the system user comprise a graphical rep 
output forces and / or moments ; and the system user is a resentation of the torque being applied to the fastener by the 
patient wearing a prosthesis , and the one or more graphical tool . 
representations of the measurement output data superim- In accordance with one or more other embodiments of the 
posed on the system user comprise a force line to facilitate present invention , there is provided a measurement system 
a self - adjustment of the prosthesis by the patient , and the 40 that comprises a force measurement assembly configured to 
force line is generated based upon the output forces and / or receive a system user , the force measurement assembly 
moments from the force measurement assembly . includes a top surface for receiving the body of the system 

In still a further embodiment , the at least one measure- user ; and at least one force transducer , the at least one force 
ment assembly comprises a motion capture system compris- transducer configured to sense one or more measured quan 
ing at least one motion capture device configured to detect 45 tities and output one or more signals that are representative 
the motion of one or more body portions of the system user . of forces and / or moments being applied to the top surface of 

In yet a further embodiment , the at least one measurement the force measurement assembly by the system user ; a 
assembly comprises a force measurement assembly and a head - mounted visual display device having an output 
motion capture system . The force measurement assembly is screen , the head - mounted visual display device configured 
configured to receive the system user , and the force mea- 50 to display one or more images on the output screen so that 
surement assembly includes a top surface for receiving the the one or more images are viewable by the system user ; and 
body of the system user , and at least one force transducer , a data processing device operatively coupled to the force 
the at least one force transducer configured to sense one or measurement assembly and the head - mounted visual display 
more measured quantities and output one or more signals device , the data processing device configured to receive the 
that are representative of forces and / or moments being 55 one or more signals that are representative of the forces 
applied to the top surface of the force measurement assem- and / or moments being applied to the top surface of the force 
bly by the system user . The motion capture system includes measurement assembly by the system user , and to convert 
at least one motion capture device configured to detect the the one or more signals into output forces and / or moments , 
motion of one or more body portions of the system user . the data processing device further configured to generate one 

In still a further embodiment , the data processing device 60 or more graphical representations of the output forces and / or 
is further configured to receive the one or more signals that moments from the force measurement assembly for super 
are representative of the forces and / or moments being imposition onto a visual representation of the system user 
applied to the top surface of the force measurement assem- and / or an object being manipulated by the system user , and 
bly by the system user , and to convert the one or more display the superimposed output forces and / or moments on 
signals into output forces and / or moments , the data process- 65 the head - mounted visual display device so that the system 
ing device is further configured to determine one or more user is able to visualize the superimposed output forces 
positions of the one or more body portions of the system user and / or moments when wearing the head - mounted visual 
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display device , and adjust his or her movements based upon resentation of a force or torque associated with the athlete so 
feedback from the superimposed output forces and / or that the athlete is able to improve his or her athletic 
moments . performance by self - training . 

In a further embodiment of the present invention , the In yet a further embodiment , the system user is a patient 
system user is an athlete , and the one or more graphical 5 wearing a prosthesis , and the one or more graphical repre 
representations of the output forces and / or moments from sentations of the output forces , moments , and / or the one or 
the force measurement assembly superimposed on the visual more body positions superimposed on the visual represen 
representation of the system user and / or the object being tation of the system user and / or the object being manipulated 
manipulated by the system user comprise a graphical rep by the system user comprise a force line to facilitate a 
resentation of a force or torque associated with the athlete so 10 self - adjustment of the prosthesis by the patient . 

It is to be understood that the foregoing general descrip that the athlete is able to improve his or her athletic tion and the following detailed description of the present performance by self - training . 
In yet a further embodiment , the system user is a patient invention are merely exemplary and explanatory in nature . 

As such , the foregoing general description and the following wearing a prosthesis , and the one or more graphical repre- 15 detailed description of the invention should not be construed 
sentations of the output forces and / or moments from the to limit the scope of the appended claims in any sense . force measurement assembly superimposed on the system 
user comprise a force line to facilitate a self - adjustment of BRIEF DESCRIPTION OF THE SEVERAL 
the prosthesis by the patient . VIEWS OF THE DRAWINGS 

In accordance with yet one or more other embodiments of 20 
the present invention , there is provided a measurement The invention will now be described , by way of example , 
system that comprises a force measurement assembly con- with reference to the accompanying drawings , in which : 
figured to receive a system user , the force measurement FIG . 1 is a perspective view of a force measurement 
assembly includes a top surface for receiving the body of the system with a force measurement assembly in the form of an 
system user ; and at least one force transducer , the at least 25 instrumented treadmill , according to a first embodiment of 
one force transducer configured to sense one or more the invention ; 
measured quantities and output one or more signals that are FIG . 2 is a front view of the force measurement system of 

FIG . 1 ; representative of forces and / or moments being applied to the 
top surface of the force measurement assembly by the FIG . 3 is a top view of the force measurement system of 

30 FIG . 1 ; system user ; a motion capture system comprising at least FIG . 4 is a side view of the force measurement system of one motion capture device configured to detect the motion of FIG . 1 ; one or more body portions of the system user ; a head FIG . 5 is a perspective view of a force measurement mounted visual display device having an output screen , the 
head - mounted visual display device configured to display 35 instrumented treadmill , according to a second embodiment system with a force measurement assembly in the form of an 
one or more images on the output screen so that the one or of the invention ; 
more images are viewable by the system user ; and a data FIG . 6 is a front view of the force measurement system of 
processing device operatively coupled to the force measure- FIG . 5 ; 
ment assembly , the motion capture system , and the head FIG . 7 is a perspective view of a concave projection 
mounted visual display device , the data processing device 40 screen of the force measurement systems of FIGS . 1 and 5 ; 
configured to receive the one or more signals that are FIG . 8 is a longitudinal sectional view of the concave 
representative of the forces and / or moments being applied to projection screen of FIG . 7 ; 
the top surface of the force measurement assembly by the FIG . 9 is a block diagram of constituent components of 
system user , and to convert the one or more signals into the force measurement system with a force measurement 
output forces and / or moments , the data processing device 45 assembly in the form of an instrumented treadmill , accord 
further configured to determine one or more body positions ing to an embodiment of the invention ; 
of the one or more body portions of the system user from the FIG . 10 is a block diagram of the software and hardware 
at least one motion capture device , the data processing architecture of the force measurement system with the force 
device further configured to generate one or more graphical measurement assembly in the form of the instrumented 
representations of the output forces , moments , and / or the 50 treadmill ; 
one or more body positions for superimposition onto a visual FIG . 11 is a screen image of an immersive grocery aisle 
representation of the system user and / or an object being scene displayed on the output screen of the visual display 
manipulated by the system user , and display the superim- device of the force measurement system , according to an 
posed output forces , moments , and / or one or more body embodiment of the invention ; 
positions of the system user on the head - mounted visual 55 FIG . 12 is another screen image of the immersive grocery 
display device so that the system user is able to visualize the aisle scene of FIG . 11 ; 
superimposed output forces , moments , and / or one or more FIG . 13 is a screen image of an immersive island pathway 
body positions when wearing the head - mounted visual dis- scene displayed on the output screen of the visual display 
play device , and adjust his or her movements based upon device of the force measurement system , according to 
feedback from the superimposed output forces , moments , 60 another embodiment of the invention , wherein a first type of 
and / or one or more body positions . pathway ground surface is illustrated ; 

In a further embodiment of the present invention , the FIG . 14 is another screen image of the immersive island 
system user is an athlete , and the one or more graphical pathway scene of FIG . 13 , wherein a second type of pathway 
representations of the output forces , moments , and / or the ground surface is illustrated ; 
one or more body positions superimposed on the visual 65 FIG . 15 is yet another screen image of the immersive 
representation of the system user and / or the object being island pathway scene of FIG . 13 , wherein a third type of 
manipulated by the system user comprise a graphical rep- pathway ground surface is illustrated ; 
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FIG . 16 is yet another screen image of the immersive ment , the force measurement system 100 generally com 
island pathway scene of FIG . 13 , wherein a portion of the prises a force measurement assembly 10 in the form of an 
pathway has a puddle of water disposed thereon ; instrumented treadmill that is operatively coupled to a data 
FIG . 17 is a screen image of an immersive castle scene acquisition / data processing device 60 ( i.e. , a data acquisition 

displayed on the output screen of the visual display device 5 and processing device or computing device that is capable of 
of the force measurement system , according to yet another collecting , storing , and processing data ) , which in turn , is 
embodiment of the invention ; operatively coupled to a subject visual display device 30 
FIG . 18 is another screen image of the immersive castle ( see FIG . 9 ) . The instrumented treadmill 10 is configured to scene of FIG . 17 , wherein a target is provided in the bottom , receive a subject thereon . As best illustrated in FIG . 1 , the left - hand corner of the screen ; FIG . 19 is yet another screen image of the immersive 10 instrumented treadmill 10 is attached to the top of a base 

castle scene of FIG . 17 , wherein a target is provided in the subassembly 20. The instrumented treadmill 10 has a plu 
bottom , right - hand corner of the screen ; rality of top surfaces ( i.e. , left and right rotating belts 12 , 14 ) 
FIG . 20 is still another screen image of the immersive that are each configured to receive a portion of a body of a 

castle scene of FIG . 17 , wherein a target is provided in the subject ( e.g. , the left belt 12 of the instrumented treadmill 10 
top , left - hand corner of the screen ; 15 is configured to receive a left leg of a subject , whereas the 
FIG . 21 is yet another screen image of the immersive right belt 14 of the instrumented treadmill 10 is configured 

castle scene of FIG . 17 , wherein a target is provided in the to receive a right leg of the subject ) . 
top , right - hand corner of the screen ; In one or more embodiments , a subject walks or runs in 
FIG . 22 is still another screen image of the immersive an upright position atop the treadmill 10 with the feet of the 

castle scene of FIG . 17 , wherein two spaced - apart targets are 20 subject contacting the respective top surfaces 16 , 18 of the 
provided at the top of the screen ; treadmill belts 12 , 14. The belts 12 , 14 of the treadmill 10 are 
FIG . 23 is yet another screen image of the immersive rotated by independent electric actuator assemblies with 

castle scene of FIG . 17 , wherein two targets are provided in speed adjustment mechanisms . In the illustrated embodi 
oppositely disposed top and bottom corners of the screen ; ment , each electric actuator assembly and associated speed 
FIG . 24 is another perspective view of one of the exem- 25 adjustment mechanism comprises an electric motor with a 

plary force measurement systems described herein , wherein variable speed control device operatively coupled thereto . 
obstacles are projected on the belt surfaces of the instru- Each electric actuator assembly and associated speed adjust 
mented treadmill by an augmented reality headset worn by ment mechanism is capable of rotating its respective tread 
the subject ; mill belt 12 , 14 at a plurality of different speeds . The speed 

FIG . 25 is another perspective view of one of the exem- 30 adjustment mechanisms adjust the speed at which each of 
plary force measurement systems described herein , wherein their respective treadmill belts 12 , 14 are rotated . The speed 
a filler image is projected into the intervening space between adjustment mechanisms of the instrumented treadmill 10 are 
the concave projection screen and the instrumented treadmill operatively coupled to a programmable logic controller 
by an augmented reality headset worn by the subject ; ( PLC ) 58 ( see FIG . 9 ) . The programmable logic controller 
FIG . 26 is still another screen image of the immersive 35 58 of the instrumented treadmill 10 is operatively connected 

island pathway scene of FIG . 13 , wherein the subject's to the data acquisition / data processing device 60 by an 
progression along the pathway and rain falling from the sky electrical cable . While they are not readily visible in the 
results in optic flow in two generally perpendicular direc- perspective view of FIG . 1 due to their location , the instru 
tions ; mented treadmill 10 includes a plurality of force transducers 
FIG . 27 is a perspective view of an exemplary measure- 40 ( e.g. , four ( 4 ) pylon - type force transducers 56 see e.g. , 

ment system described herein , wherein a clinician is observ- FIG . 6 ) disposed below each rotating belt 12 , 14 of the 
ing a patient through a head - mounted visual display device ; treadmill 10 so that the loads being applied to the top 
FIG . 28 is another perspective view of the exemplary surfaces of the belts 12 , 14 can be measured . Advanta 

measurement system of FIG . 27 , wherein a trainer is observ- geously , the separated belts 12 , 14 of the instrumented 
ing an athlete through a head - mounted visual display device ; 45 treadmill 10 enable the forces and / or moments applied by 
FIG . 29 is a diagrammatic perspective view of a golfer the left and right legs of the subject to be independently 

wearing a head - mounted visual display device and disposed determined . The pylon - type force transducers 56 of the 
a force measurement assembly , wherein the head- instrumented treadmill 10 are also operatively coupled to the 

mounted visual display device displays the movement of the treadmill programmable logic controller 58 by an electrical 
golf club to the golfer as he is swinging the golf club so that 50 cable . In turn , the treadmill programmable logic controller 
the golfer is able to perform self - training ; and 58 is operatively coupled to the data acquisition / data pro 
FIG . 30 a diagrammatic perspective view of a person cessing device 60 so that the force and moment output data 

wearing a head - mounted visual display device while tight- of the pylon - type force transducers 56 is capable of being 
ening a fastener using a wrench , wherein the head - mounted analyzed and processed by the data acquisition / data process 
visual display device displays the tightening torque to the 55 ing device 60 . 
person as he is tightening the fastener so that the person is As mentioned above , each of the treadmill belts 12 , 14 is 
able to make adjustments to the torque being applied to the supported atop four ( 4 ) pylon - type force transducers 56 ( or 
fastener . pylon - type load cells ) that are disposed underneath , and near 

Throughout the figures , the same parts are always denoted each of the four corners ( 4 ) of the left rotating belt 12 of the 
using the same reference characters so that , as a general rule , 60 treadmill 10 and each of the four corners ( 4 ) of the right 
they will only be described once . rotating belt 14 ( see e.g. , FIG . 6 ) . Each of the eight ( 8 ) 

pylon - type force transducers 56 has a plurality of strain 
DETAILED DESCRIPTION OF EMBODIMENTS gages adhered to the outer periphery of a cylindrically 

OF THE INVENTION shaped force transducer sensing element for detecting the 
65 mechanical strain of the force transducer sensing element 

A first embodiment of a force measurement system is seen imparted thereon by the force ( s ) applied to the belt surfaces 
generally at 100 in FIGS . 1-4 . In the first illustrative embodi- 16 , 18 of the instrumented treadmill 10. In the first embodi 

on 
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ment , each of the four ( 4 ) sets of pylon - type force trans- is able to enter data into the data acquisition / data processing 
ducers 56 are mounted atop the base subassembly 20. As device 60. Also , as depicted in FIG . 9 , an operator visual 
best shown in the perspective view of FIG . 1 , the base display device 62 may also be operatively coupled to the 
subassembly 20 comprises an upper body portion 21 and a data acquisition / data processing device 60 so that an opera 
lower base plate 23 disposed underneath the upper body 5 tor ( e.g. , clinician ) of the force measurement system 100 has 
portion 21. The instrumented treadmill 10 is also provided a more convenient dedicated display , and thus , is not 
with a stair 22 connected thereto so as to facilitate access to required to use the subject visual display device 30. In some 
the treadmill 10 by the subject . In the illustrative embodi- embodiments , the data acquisition / data processing device 60 
ment , the upper body portion 21 of the base subassembly 20 can be in the form of a desktop computer , while in other 
is provided with an aluminum honeycomb core disposed 10 embodiments , the data acquisition / data processing device 60 
therein so as to enable the base subassembly 20 to be very can be embodied as a laptop computer . 
stiff without adding excessive weight . Advantageously , the programmable logic controller 58 

In an alternative embodiment , rather than using four ( 4 ) ( see e.g. , FIG . 9 , which is a type of data processing device ) 
pylon - type force transducers 56 on each treadmill belt provides real - time control of the treadmill actuators ( i.e. , 
assembly 12 , 14 , force transducers in the form of transducer 15 motors ) that control the rotation of the left and right tread 
beams could be provided under each treadmill belt assembly mill belts 12 , 14. The real - time control provided by the 
12 , 14. In this alternative embodiment , the left treadmill belt programmable logic controller 58 ensures that the software 
assembly 12 could comprise two transducer beams that are regulating the control of the left and right treadmill belts 12 , 
disposed underneath , and on generally opposite sides of the 14 operates at the design clock rate , thereby providing 
treadmill belt assembly 12. Similarly , in this embodiment , 20 fail - safe operation for subject safety . In one embodiment , the 
the right treadmill belt assembly 14 could comprise two programmable logic controller 58 comprises both the tread 
transducer beams that are disposed underneath , and on mill control software and the input / output management 
generally opposite sides of the right treadmill belt assembly software , which controls the functionality of the input / 
14. Similar to the pylon - type force transducers 56 , the force output ( I / O ) module of the programmable logic controller 
transducer beams could have a plurality of strain gages 25 58. In one embodiment , the programmable logic controller 
attached to one or more surfaces thereof for sensing the 58 utilizes EtherCAT protocol for enhanced speed capabili 
mechanical strain imparted on the beam by the force ( s ) ties and real - time control . 
applied to the surfaces 16 , 18 of the instrumented treadmill In one or more embodiments , the input / output ( 1/0 ) 
10 . module of the programmable logic controller 58 allows 

Rather , than using four ( 4 ) force transducer pylons under 30 various accessories to be added to the force measurement 
each treadmill belt assembly 12 , 14 , or two spaced - apart system 100. For example , an eye movement tracking sys 
force transducer beams under each treadmill belt assembly tem , such as that described by U.S. Pat . Nos . 6,113,237 and 
12 , 14 , it is to be understood that the instrumented treadmill 6,152,564 could be operatively connected to the input / 
10 can also utilize the force transducer technology described output ( 1/0 ) module of the programmable logic controller 
in U.S. Pat . No. 8,544,347 , the entire disclosure of which is 35 58. As another example , a head movement tracking system , 
incorporated herein by reference . which is instrumented with one or more accelerometers , 

In the illustrated embodiment , the electrical cable men- could be operatively connected to the input / output ( 1/0 ) 
tioned above is used for the transmission of data between the module . 
instrumented treadmill 10 and the data acquisition / data In one or more embodiments , an emergency stop switch 
processing device 60. A separate power cable is used to 40 may be operatively coupled to the programmable logic 
provide power to the instrumented treadmill 10 ( e.g. , a controller 58 in order to quasi - instantaneously stop the 
power cable connected directly to the electrical power rotation of the treadmill belts 12 , 14. As such , the emergency 
system of the building in which the treadmill 10 is disposed ) . stop switch is a safety mechanism that protects a subject 
While a hardwired data connection is provided between the disposed on the instrumented treadmill 10 from potential 
instrumented treadmill 10 and the data acquisition / data 45 injury . In an exemplary embodiment , the emergency stop 
processing device 60 in the illustrative embodiment , it is to switch may be in the form of a red pushbutton that can be 
be understood that the instrumented treadmill 10 can be easily pressed by a user of the force measurement system 
operatively coupled to the data acquisition / data processing 100 in order to stop the rotation of the treadmill belts 12 , 14 . 
device 60 using other signal transmission means , such as a Now , the acquisition and processing of the load data 
wireless data transmission system . 50 carried out by the force measurement system will be 
Now , turning to FIG . 9 , it can be seen that the illustrated described . Initially , a load is applied to the instrumented 

data acquisition / data processing device 60 ( i.e. , the operator treadmill 10 by a subject disposed thereon . The load is 
computing device ) of the force measurement system 100 transmitted from the treadmill belt assemblies 12 , 14 to its 
includes a microprocessor 60a for processing data , memory respective set of pylon - type force transducers 56 ( or force 
60b ( e.g. , random access memory or RAM ) for storing data 55 transducer beams ) . As described above , in the illustrated 
during the processing thereof , and data storage device ( s ) embodiment , each treadmill belt assembly 12 , 14 comprises 
60c , such as one or more hard drives , compact disk drives , four ( 4 ) pylon - type force transducers 56 disposed thereun 
floppy disk drives , flash drives , or any combination thereof . der . Preferably , these pylon - type force transducers 56 are 
As shown in FIG . 9 , the programmable logic controller disposed near respective corners of each treadmill belt 
( PLC ) 58 of the instrumented treadmill 10 , and the subject 60 assembly 12 , 14. In a preferred embodiment , each of the 
visual display device 30 are operatively coupled to the data pylon - type force transducers 56 includes a plurality of strain 
acquisition / data processing device 60 such that data is gages wired in one or more Wheatstone bridge configura 
capable of being transferred between these devices 30 , 58 , tions , wherein the electrical resistance of each strain gage is 
and 60. Also , as illustrated in FIG . 9 , a plurality of data input altered when the associated portion of the associated pylon 
devices 64 , 66 , such as a keyboard and mouse , are diagram- 65 type force transducer undergoes deformation resulting from 
matically shown in FIG . 9 as being operatively coupled to the load ( i.e. , forces and / or moments ) acting on the treadmill 
the data acquisition / data processing device 60 so that a user belt assemblies 12 , 14. For each plurality of strain gages 
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disposed on the pylon - type force transducers 56 , the change within the confines of the concave projection screen 31 
in the electrical resistance of the strain gages brings about a without adversely affecting the focal region during the 
consequential change in the output voltage of the Wheat- immersion ( i.e. , the height of a subject does not materially 
stone bridge ( i.e. , a quantity representative of the load being affect the immersive effect of the concave projection screen 
applied to the measurement surface ) . Thus , in one embodi- 5 31 ) . 
ment , the four ( 4 ) pylon - type force transducers 56 disposed Turning again to the illustrative embodiment of FIGS . 
under each treadmill belt assembly 12 , 14 output a total of 1-4 , the projector 40 with the fisheye - type lens 44 projects 
thirty - two ( 32 ) raw output voltages ( signals ) in either analog a light beam through a semi - circular cutout 34 in the top of 
or digital form . In some embodiments , if the output voltages the concave projection screen 31. In FIG . 1 , it can be seen 
( signals ) are in analog form , the thirty - two ( 32 ) raw output 10 that the fisheye lens 44 is connected to the body of the 
voltages ( signals ) from each treadmill belt assembly 12 , 14 projector 40 by an elbow fitting 42. Also , as best shown in 
are then transmitted to a preamplifier board for precondi- FIGS . 1 and 2 , the concave projection screen 31 may be 
tioning . The preamplifier board is used to increase the provided with a peripheral flange 33 therearound . Advanta 
magnitudes of the transducer analog voltages . After which , geously , the concave projection screen 31 is a continuous 
in one or more embodiments , the analog output signals 15 curved surface that does not contain any lines or points 
SAPOI - SAPO32 are transmitted from the analog preamplifier resulting from the intersection of adjoining planar or curved 
to the treadmill programmable logic controller ( PLC ) 58. In surfaces ( i.e. , all section seams in the screen 31 may be filled 
the treadmill programmable logic controller 58 , the analog so as to form a continuous curved surface facing the sub 
output signals SAPOI - SAPO32 are converted into forces , ject ) . Thus , the projection screen 31 is capable of creating a 
moments , centers of pressure ( COP ) , subject center of 20 completely immersive visual environment for a subject 
gravity ( COG ) , and / or sway angle for the subject . Then , the being tested on the instrumented treadmill 10 because the 
forces , moments , centers of pressure ( COP ) , subject center subject is unable to focus on any particular reference point 
of gravity ( COG ) , and / or sway angle for the subject com- or line on the screen 31. As such , the subject becomes 
puted by the programmable logic controller 58 are trans- completely immersed in the virtual reality scene ( s ) being 
mitted to the data acquisition / data processing device 60 25 projected on the concave projection screen 31 , and thus , his 
( operator computing device 60 ) so that they can be utilized or her visual perception can be effectively altered during a 
for analyzing the movement of the subject and / or for reports test being performed using the force measurement system 
displayed to an operator or clinician . Also , in yet another 100 ( e.g. , a balance test ) . In order to permit a subject to be 
embodiment , the preamplifier board additionally could be substantially circumscribed by the generally hemispherical 
used to convert the analog voltage signals into digital 30 projection screen 31 on three sides , the bottom of the screen 
voltage signals ( i.e. , the preamplifier board could be pro- 31 is provided with a semi - circular cutout 32 in the illus 
vided with an analog - to - digital converter ) . In this embodi- trative embodiment . While the concave projection screen 31 
ment , digital voltage signals would be transmitted the thoroughly immerses the subject in the virtual reality 
treadmill programmable logic controller 58 rather than ana- scene ( s ) , it advantageously does not totally enclose the 
log voltage signals . 35 subject . Totally enclosing the subject could cause him or her 

In one or more embodiments , when the programmable to become extremely claustrophobic . Also , the clinician 
logic controller 58 receives the voltage signals Sacoi- would be unable to observe the subject or patient in a totally 
SAC032 , it initially transforms the signals into output forces enclosed environment . As such , the illustrated embodiment 
and / or moments by multiplying the voltage signals Sacoi- of the force measurement system 100 does not utilize a 
SACO32 by a calibration matrix . After which , the force and 40 totally enclosed environment , such as a closed , rotating 
moment components ( i.e. , F Flz , MZy , Mzz ) exerted shell , etc. Also , the subject visual display device 30 is not 
on the left belt surface 16 of the left treadmill belt assembly attached to the subject , and it is spaced apart from the 
12 by the left foot of the subject , the force and moment instrumented treadmill 10 . 
components ( i.e. , FRx , FRy , FRz , MRx , MRy , MRz ) exerted on In one embodiment of the invention , the generally hemi 
the right belt surface 18 of the right treadmill belt assembly 45 spherical projection screen 31 is formed from a suitable 
14 by the right foot of the subject , and the center of pressure material ( e.g. , an acrylic , fiberglass , fabric , aluminum , etc. ) 
( Xpç Ypp ; Xpe ? YpR ) for each foot of the subject ( i.e. , the x and having a matte gray color . A matte gray color is preferable 
y coordinates of the point of application of the force applied to a white color because it minimizes the unwanted reflec 
to the measurement surface by each foot ) are determined by tions that can result from the use of a projection screen 
the programmable logic controller 58 , and then transmitted 50 having a concave shape . Also , in an exemplary embodiment , 
to the data acquisition / data processing device 60 . the projection screen 31 has a diameter ( i.e. , width Ws ) of 
Now , with reference to FIGS . 1-4 , the subject visual approximately 180 inches and a depth Ds of approximately 

display device 30 of the force measurement system 100 will 90 inches . Although , those of ordinary skill in the art will 
be described in more detail . In the illustrated embodiment , readily appreciate that other suitable dimensions may be 
the subject visual display device 30 generally comprises a 55 utilized for the projection screen 31 , provided that the 
projector 40 with a fisheye lens 44 , and a concave projection selected dimensions for the screen 31 are capable of creating 
screen 31 with a cylindrical middle portion and spherical top an immersive environment for a subject disposed on the 
and bottom portions . In other words , in the illustrative instrumented treadmill 10 ( i.e. , the screen 31 of the subject 
embodiment , the projection screen 31 of the force measure- visual display device 30 engages enough of the subject's 
ment system 100 is not entirely spherically - shaped or dome- 60 peripheral vision such that the subject becomes , and remains 
shaped . Advantageously , because the concave projection immersed in the virtual reality scenario ) . In one or more 
screen 31 is cylindrical in the middle with spherical parts on embodiments , the projection screen 31 fully encompasses 
the top and bottom , a focal line is created for the subject the peripheral vision of the subject ( e.g. , by the coronal 
standing on the instrumented treadmill 10 , rather than a plane CP of the subject being disposed inwardly from the 
single focal point which would be created if the screen 31 65 flange 33 within the confines of the screen 31 ) . In other 
were entirely spherical in shape . Thus , advantageously , words , the output screen 31 of the at least one visual display 
individuals of different heights may be accommodated 30 at least partially circumscribes three sides of a subject . 

Lx ? Flyg F Lz 
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The overhanging top portion of the projection screen 31 software package merely changes the manner in which these 
creates an efficient manner in which to fully immerse the 3 - D modeled virtual worlds and objects are projected into 
subject . If the projection screen 31 were not formed with the the subject's viewing area . 
overhanging top portion , the height of the projection screen As described above , with reference to FIG . 1 , it can be 
31 would have to be greatly increased in order to create the 5 seen that the fisheye lens 44 of the projector 40 is connected 
same full immersive effect . As such , the use of the concave to the body of the projector 40 by an elbow fitting 42. In 
projection screen 31 with the spherical , overhanging top other words , the fisheye lens 44 is disposed at a non - zero , 
portion allows the screen 31 to be much shorter , while still angled orientation relative to a body of the projector 40. In 
achieving the desired effect of the total immersion of the the illustrated embodiment , the non - zero , angled orientation 
subject . 10 at which the fisheye lens 44 is disposed relative to the body 

With particular reference to FIGS . 1 , 2 , and 4 , it can be of the projector 40 is approximately 90 degrees . The elbow 
seen that , in the illustrated embodiment , the concave pro fitting 42 comprises a one - way mirror disposed therein for 

changing the direction of the light beam emanating from the jection screen 31 of the at least one visual display 30 is projector 40. As illustrated in FIG . 1 , the fisheye lens 44 is formed from a plurality of sections 31a - 31h . Specifically , in 15 disposed at approximately the apex of the concave projec 
the illustrative embodiment , referring initially to the front tion screen 31 , and it extends down through the cutout 34 at view of FIG . 2 , it can be seen that the concave projection the top of the screen 31 . 
screen 31 comprises a first top left end section 31a , a second Those of ordinary skill in the art will also appreciate that 
top left middle section 316 , a third top right middle section the subject visual display device 31 may utilize other 
31c , a fourth top right end section 31d , a fifth bottom left end 20 suitable projection means . For example , rather using an 
section 31e , a sixth bottom left middle section 31f , a seventh overhead - type projector 40 as illustrated in FIGS . 1-4 , a 
bottom right middle section 31g , and an eighth bottom right direct or rear projection system can be utilized for projecting 
end section 31h . As shown in FIG . 1 , each of these screen the image onto the screen 31 , provided that the direct 
sections 31a - 31h comprises one or more connector flanges projection system does not interfere with the subject's 
46 that are used to connect the screen sections 31a - 31h to 25 visibility of the target image . In another alternative embodi 
one another ( e.g. , the screen sections 31a - 31h are bolted to ment , two projectors , each having a respective fisheye - type 
one another ) . Advantageously , forming the concave projec- lens , are used to project an image onto the screen 31. In this 
tion screen 31 from a plurality of separate , interconnectable alternative embodiment , the two projectors with respective 
sections 31a - 31h allows the concave projection screen 31 to fisheye - type lens project intersecting light beams through 
be more easily installed inside the room of a building 30 the cutout 34 in the top of the generally hemispherical 
because the screen 31 can be transported in sections 31a- projection screen 31. Advantageously , the use of two pro 
31h , and then subsequently installed once it is inside the jectors with respective fisheye - type lens , rather than just a 
room ( i.e. , the sections 31a - 31h may be connected together single projector 40 with a fisheye lens 44 , has the added 
once inside the room ) . As such , the sectional construction of benefit of removing shadows that are cast on the output 
the concave projection screen 31 obviates the need for a 35 screen 31 by the subject disposed on the instrumented 
large opening ( e.g. , a door opening ) into the room in which treadmill 10 . 
the screen 31 is being installed . Referring collectively to FIGS . 1-4 , it can be seen that , in 

In a preferred embodiment , the data acquisition / data pro- the illustrative embodiment , the concave projection screen 
cessing device 60 is configured to convert a two - dimen- 31 may be supported from a floor surface using a screen 
sional ( 2 - D ) image , which is configured for display on a 40 support structure formed using a plurality of truss members 
conventional two - dimensional screen , into a three - dimen- 24 , 26 , 28. As shown in FIGS . 1 , 2 , and 4 , the screen support 
sional ( 3 - D ) image that is capable of being displayed on the structure 24 , 26 , 28 is used to elevate the projection screen 
hemispherical output screen 31 without excessive distortion . 31 a predetermined distance above the floor of a room . With 
That is , the data acquisition / data processing device 60 continued reference to FIGS . 1 , 2 , and 4 , it can be seen that 
executes a software program that utilizes a projection map- 45 the illustrated screen support structure comprises a plurality 
ping algorithm to “ warp ” a flat 2 - D rendered projection of generally vertical truss members 24 ( i.e. , three ( 3 ) gen 
screen image into a distorted 3 - D projection image that erally vertical truss members 24 ) that support a plurality of 
approximately matches the curvature of the final projection generally horizontal truss members 26 , 28 ( i.e. , two ( 2 ) 
surface ( i.e. , the curvature of the hemispherical output generally horizontal truss members 26 , 28 ) , which are 
screen 31 ) , which takes into account the distortion of the 50 disposed at the top of the projection screen 31. As best 
lens 44 of the projector 40. In particular , the projection shown in FIGS . 1 and 3 of the illustrated embodiment , the 
mapping algorithm utilizes a plurality of virtual cameras and plurality of generally horizontal truss members 26 , 28 
projection surfaces ( which are modeled based upon the include a first linear truss member 26 disposed in the front 
actual projection surfaces ) in order to transform the two- of the projection screen 31 , and a second semi - circular truss 
dimensional ( 2 - D ) images into the requisite three - dimen- 55 member 28 disposed around the curved back side of the 
sional ( 3 - D ) images . Thus , the projector lens 44 information projection screen 31. In particular , the two ( 2 ) front vertical 
and the concave projection screen 31 dimensional data are truss members 24 are securely attached to the peripheral 
entered as inputs into the projection mapping algorithm flange 33 of the concave projection screen 31 ( e.g. , by using 
software . When a human subject is properly positioned in a plurality of fasteners and brackets on each side of the 
the confines of the hemispherical output screen 31 , he or she 60 flange 33 ) . Because the screen support structure 24 , 26 , 28 
will see a representation of the virtual reality scene wrapping is mostly attached to the upper portion ( e.g. , upper half ) of 
around them instead of only seeing a small viewing window the screen 31 , the screen 31 is generally supported above its 
in front of him or her . Advantageously , using a software center - of - gravity , which advantageously results in a screen 
package comprising a projection mapping algorithm enables mounting arrangement with high structural stability . As 
the system 100 to use previously created 3 - D modeled 65 shown in FIGS . 1 and 2 , one of the plurality of lower leg 
virtual worlds and objects without directly modifying them . members 38 are disposed on each of the opposed lateral 
Rather , the projection mapping algorithm employed by the sides of the screen 31. Also , each of the lower leg members 
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38 may be provided with a height - adjustable foot for adjust- a respective vertical truss members 24 in a load bearing 
ing the height of the screen 31 relative to the floor . Also , as manner approximately mid - height on the truss member 24 ) . 
shown in FIGS . 1 and 3 , the projector 40 is supported above Two ( 2 ) additional cameras 50 are attached to the camera 
the screen 31 by a pair of spaced - apart projector support rails mounting structure 48 that extends outwardly from the truss 
36 , each of which is secured directly to the first linear truss 5 members 24 , 26 ( i.e. , the two additional cameras 50 are 
member 26 and the second semi - circular truss member 28 of structurally attached to the camera mounting structure 48 in 
the screen support structure 24 , 26 , 28 , and not directly to the a load bearing manner ) . With combined reference to FIGS . 
screen 31 , so as to minimize the transmission of vibrations 1 and 2 , it can be seen that the camera mounting structure 48 
from the projector 40 to the hemispherical projection screen is attached to each of the vertical truss members 24 and the 
31. Advantageously , the mounting arrangement of the pro- 10 generally linear truss member 26. The camera mounting 
jector 40 on the spaced - apart projector support rails 36 structure 48 enables the two ( 2 ) additional front cameras 50 
affords adjustability of the projector 40 in a front - to - back to be spaced significantly in front of the cameras 50 that are 
direction . It is highly desirable for the hemispherical pro- mounted to the respective vertical truss members 24 so that 
jection screen 31 to be maintained in a stationary position the movements of the subject may be better captured by the 
essentially free from external vibrations so that the subject 15 motion capture system . While a total of nine ( 9 ) cameras 50 
is completely immersed in the virtual environment being are depicted in the illustrative embodiment of FIGS . 1-4 , one 
created within the hemispherical projection screen 31 . of ordinary skill in the art will appreciate that more or less 
Advantageously , the structural rigidity afforded by the cameras can be utilized , provided that the motion of the 
screen support structure 24 , 26 , 28 of FIGS . 1-4 virtually subject is capable of being captured from substantially all 
eliminates the transmission of vibrations to the projection 20 angles . 
screen 31 , including those vibrations emanating from the In the illustrative embodiment , the cameras 50 depicted in 
building itself in which the force measurement system 100 FIGS . 1-4 may be in the form of infrared - type ( IR ) or near 
is located . In particular , the screen support structure 24 , 26 , infrared - type ( NIR ) cameras having an angular field of view 
28 is designed to minimize any low frequency vibrations range between approximately 40 degrees and approximately 
that are transmitted to the screen 31 . 25 80 degrees ( or between 40 degrees and 80 degrees ) . More 

In the illustrative embodiment , as best shown in the top particularly , in one or more embodiments , the angular field 
view of FIG . 3 , the top surfaces 16 , 18 of the treadmill belts of view range of the cameras 50 may be between approxi 
12 , 14 are horizontally spaced apart from the screen support mately 50 degrees and approximately 70 degrees ( or 
structure 24 , 26 , 28. In other words , there is a gap horizon- between 50 degrees and 70 degrees ) . Also , in one or more 
tally separating the instrumented treadmill 10 from the 30 exemplary embodiments , the cameras 50 depicted in FIGS . 
hemispherical projection screen 31 and its associated screen 1-4 may have a resolution of approximately 1.0 Megapixels , 
support structure 24 , 26 , 28 . a maximum frame rate of approximately 250 feet per second 
As shown in the illustrative embodiment of FIGS . 1-4 , the ( fps ) , and a 4 millimeter to 12 millimeter ( 4-12 mm ) zoom 

force measurement system 100 may be additionally pro- lens . The cameras 50 are positioned in the force measure 
vided with a motion capture system comprising a plurality of 35 ment system 100 of FIGS . 1-4 so that each marker disposed 
cameras 50. Initially , referring to FIG . 1 , it can be seen that on a subject standing on the instrumented treadmill 10 is 
a plurality of cameras 50 are disposed around the instru- captured by at least two ( 2 ) of the cameras 50 , and prefer 
mented treadmill 10 so that the cameras 50 at least partially ably , three ( 3 ) of the cameras 50 . 
surround subject disposed on the treadmill 10. In the illus- In one embodiment of the invention , a subject has a 
trative embodiment , the cameras 50 are used to track posi- 40 plurality of single reflective markers applied to anatomical 
tions of a plurality of markers disposed on a subject as the landmarks ( e.g. , the iliac spines of the pelvis , the malleoli of 
subject moves his or her torso and limbs in 3 - dimensional the ankle , and the condyles of the knee ) , and / or clusters of 
space . The markers on the subject are used to record the markers applied to the middle of body segments . As the 
position of the torso and limbs of the subject in 3 - dimen- subject executes particular movements on the instrumented 

45 treadmill 10 , the data acquisition / data processing device 60 
In the illustrative embodiment , with reference to FIGS . 1 is specially programmed to calculate the trajectory of each 

and 3 , it can be seen that a first plurality of cameras 50 are reflective marker in three ( 3 ) dimensions using the position 
circumferentially spaced apart around the top cutout 34 in of the marker captured by the cameras 50. Then , once the 
the concave projection screen 31 ( i.e. , the first plurality of positional data is obtained using the motion capture system 
cameras 50 are structurally attached in a load bearing 50 of FIGS . 1-4 , inverse kinematics may be employed in order 
manner around the top cutout 34 of the concave projection to further determine the joint angles of the subject . That is , 
screen 31 ) . For example , as best shown in the top view of the motion capture system of FIGS . 1-4 generates motion 
FIG . 3 , the cameras 50 may be generally equally spaced capture data that is representative of the captured motion of 
apart about the circumference of the top screen cutout 34 . the body portions of the subject , and the data acquisition / 
While five ( 5 ) cameras 50 are depicted around the circum- 55 data processing device 60 is specially programmed to deter 
ference of the top screen cutout 34 in the illustrative embodi- mine the position of the body of the subject ( i.e. , limbs , 
ment , one of ordinary skill in the art will appreciate that torso , head , etc. ) and the joint angles of the subject from the 
more or less cameras may be utilized , provided that the motion capture data generated by the motion capture system . 
motion of the subject is capable of being captured from Moreover , in the illustrative embodiment , the motion 
substantially all angles . Turning to FIGS . 1 and 2 , it can be 60 capture system may also be used to determine the forces 
seen that a second plurality of cameras 50 are spaced apart and / or moments acting on the joints of a subject . An 
in front of the instrumented treadmill 10 ( i.e. , on the open exemplary calculation procedure for the joint angles , veloci 
front side of the projection screen 31 ) . In particular , as ties , and accelerations will be described hereinafter . Initially , 
shown in the illustrative embodiment of FIG . 2 , one ( 1 ) the plurality of cameras 50 are calibrated using the image 
camera 50 is disposed on each of the generally vertical truss 65 coordinates of calibration markers and the three - dimen 
members 24 near the approximate middle of the truss sional ( 3 - D ) relationship of calibration points such that a 
member 24 ( i.e. , each camera 50 is structurally attached to plurality of calibration parameters are generated . In the 

sional space . 
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illustrative embodiment , the calibration of the plurality of utilize an infrared ( IR ) emitter to project a plurality of dots 
cameras 50 is performed using a Direct Linear Transforma- onto objects in a particular space as part of a markerless 
tion ( “ DLT ' ) technique and yields eleven ( 11 ) DLT param- motion capture system . For example , in these one or more 
eters . However , it is to be understood that , in other embodi- alternative embodiments , the markerless motion capture 
ments of the invention , a different technique can be used to 5 system may comprise a motion capture device with one or 
calibrate the plurality of cameras 50. Then , the perspective more cameras , one or more infrared ( IR ) depth sensors , and 
projection of the image coordinates of the body markers is one or more microphones , which may be used to provide 
performed using the calibration parameters so that the image full - body three - dimensional ( 3D ) motion capture , facial 
coordinates are transformed into actual three - dimensional recognition , and voice recognition capabilities . It is also to 
( 3 - D ) coordinates of the body markers . Because the digiti- 10 be understood that , rather than using an optical motion 
zation of the marker images involves a certain amount of detection / capture system , a suitable magnetic or electro 
random error , a digital filter is preferably applied to the mechanical motion detection / capture system may also be 
three - dimensional ( 3 - D ) coordinates of the markers to employed to determine the position and joint angles of the 
remove the inherent noise . Although , it is to be understood subject on the instrumented treadmill 10 . 
that the use of a digital filter is optional , and thus is omitted 15 A second embodiment of the force measurement system is 
in some embodiments of the invention . In the illustrative seen generally at 200 in FIGS . 5 and 6. With reference to 
embodiment , local coordinate systems are utilized to deter- these figures , it can be seen that the force measurement 
mine the orientation of the body segments relative to each system 200 is similar in most respects to the force measure 
other . After which , rotational parameters ( e.g. , angles , axes , ment system 100 of the first embodiment described above . 
matrices , etc. ) and an inverse kinematics model are used to 20 However , unlike the aforedescribed force measurement sys 
determine the joint angles . The inverse kinematics model tem 100 , the instrumented treadmill 10 ' is mounted to the top 
contains the details of how the angles are defined , such as the of a motion base subassembly 20 ' , rather than to the static 
underlying assumptions that are made regarding the move- base subassembly 20 of the first embodiment . As shown in 
ment of the segments relative to each other . For example , in FIGS . 5 and 6 , the motion base subassembly 20 ' comprises 
the inverse kinematics model , the hip joint could be modeled 25 a motion base 52 that is capable of displacing the instru 
as three separate revolute joints acting in the frontal , hori- mented treadmill 10 ' in a plurality of different directions . In 
zontal , and sagittal plane , respectively . Then , in the illustra- the illustrated embodiment , the motion base 52 is in the form 
tive embodiment , differentiation is used to determine the of a two ( 2 ) degree - of - freedom motion base . However , in 
joint velocities and accelerations from the joint angles . one or more other embodiments , the motion base 52 may be 
Although , one of ordinary skill in the art will appreciate that , 30 a six ( 6 ) degree - of - freedom motion base that is capable of 
in other embodiments of the invention , both differentiation both translating and rotating the instrumented treadmill 10 , 
and analytical curve fitting could be used to determine the 10 ' in 3 - dimensional space ( i.e. , translating and rotating the 
joint velocities and accelerations from the joint angles . instrumented treadmill 10 , 10 ' in all three ( 3 ) coordinate 

Next , the manner in which the joint forces and moments directions ) . Referring again to the second embodiment of 
are calculated in the illustrative embodiment will be 35 FIGS . 5 and 6 , it can be seen that the instrumented treadmill 
explained . Initially , anthropometric data is applied to a 10 ' is disposed in the middle of a treadmill platform 54. The 
segment model in order to determine the segment inertial treadmill platform 54 , which is disposed on both sides of the 
parameters . Then , by using the segment inertial parameters instrumented treadmill 10 ' , makes it easier for the subject to 
together with the joint velocities and accelerations and the get on and off of the instrumented treadmill 10 ' during 
force plate measurements , joint and body segment kinetics 40 testing . 
are used to determine the desired joint forces and moments . With reference to the block diagram of FIG . 10 , the 
In the illustrative embodiment , Newton - Euler Formulations hardware and software architecture of the illustrative 
are used to compute the joint forces and moments . However , embodiments of the force measurement systems 100 , 200 
it is to be understood that the invention is not so limited . will be described in detail . As shown in FIG . 10 , the force 
Rather , in other embodiments of the invention , the kinetics 45 measurement systems 100 , 200 generally include a hardware 
analysis could be carried out using a different series of layer 70 , a system implementation layer 72 , a system 
equations . An exemplary determination of the joint reaction integration software layer 74 , a virtual reality dynamic - link 
forces and joint moments acting on the ankle of the subject library ( DLL ) software layer 76 , and a user - developed 
is described in detail in U.S. Pat . No. 8,847,989 ( e.g. , refer virtual reality interface software layer 78 ( or user - developed 
to FIGS . 35 and 36 and equations ( 4 ) - ( 7 ) ) . The entire 50 application software layer 78 ) . Each of these hardware and 
disclosure of U.S. Pat . No. 8,847,989 is incorporated herein software layers 70 , 72 , 74 , 76 , 78 will be described in detail 
by reference . hereinafter , along with the data transfer paths 82-98 , 102 , 

While the motion capture system of FIGS . 1-4 described and 104 between these layers 70 , 72 , 74 , 76 , 78. In the 
above employs a plurality of reflective markers , it is to be illustrative embodiment , hardwired connections may form 
understood that the invention is not so limited . Rather , in 55 the data transfer paths 82-98 , 102 , and 104 between the 
another embodiment of the invention , a markerless motion constituent components of the force measurement systems 
detection / motion capture system is utilized . The markerless 100 , 200. Alternatively , data may be transferred wirelessly 
motion capture system uses a plurality of high speed video between the components of the force measurement systems 
cameras to record the motion of a subject without requiring 100 , 200 depicted in FIG . 10 . 
any markers to be placed on the subject . Also , while the 60 Throughout the present disclosure , when a reference is 
illustrative embodiment utilizes a plurality of infrared - type made to a data acquisition / data processing device 60 or 
( IR ) or near infrared - type ( NIR ) cameras 50 , it is to be computing device that is “ configured to ” , “ arranged to " 
understood that a non - infrared , optical - based motion detec- and / or " configured and arranged to ” perform a specific 
tion / motion capture system may alternatively be used . For function ( e.g. , a data acquisition / data processing device 60 
example , in one alternative embodiment , the optical motion 65 configured and arranged to perform a specific function ) , it is 
capture system utilizes visible light , rather than infrared to be understood that , in one or more embodiments of the 
light . In addition , an alternative motion capture system may invention , this means that the data acquisition / data process 
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ing device or computing device is specially programmed to 100 , 200. For example , as shown in the illustrative embodi 
carry out the particular function ( e.g. , the data acquisition / ment of FIG . 1 , speakers 25 may be provided on the vertical 
data processing device 60 being specially programmed to truss members 24. The speakers 25 are operatively coupled 
perform a specific function ) . to the data acquisition / data processing device 60 so as to be 

Initially , referring to FIG . 10 , it can be seen that the 5 capable of providing auditory feedback described hereinaf 
hardware layer 70 of the force measurement systems 100 , ter . In the illustrative embodiment , a target may be set up for 
200 includes the instrumented treadmill 10 , 10 ' , the spherical one gait parameter , such as knee flexion angle , and once that 
screen 31 and projector 40 of the visual display device , the target is reached , an auditory or visual feedback is given to 
cameras 50 of the motion capture system , the motion base 52 the subject . The virtual reality dynamic - link library ( DLL ) 
on which the instrumented treadmill 10 ' of the second 10 software layer 76 comprises a plurality of executable files 
embodiment is mounted , and any auxiliary input / output that allows the various programs of the force measurement 
devices 68. For example , as mentioned above , the force systems 100 , 200 to share code and other resources neces 
measurement systems 100 , 200 may include auxiliary input / sary to perform the particular tasks of the systems 100 , 200 
output devices 68 , such as an eye movement tracking system ( e.g. , virtual reality tasks , etc. ) . In the illustrative embodi 
( e.g. , as described by U.S. Pat . Nos . 6,113,237 and 6,152 , 15 ment , the virtual reality dynamic - link library ( DLL ) soft 
564 , which are incorporated by reference in their entireties ware layer 76 is visible to the system user of the force 
herein ) . In addition , as also mentioned above , the auxiliary measurement system 100 , 200. The system architecture 
input / output devices 68 of the systems 100 , 200 may include layers below the virtual reality DLL software layer 76 ( e.g. , 
a head movement tracking system comprising one or more system implementation layer 72 and the system integration 
accelerometers for measuring the head position and / or 20 layer 74 ) are hidden from the system user so as to protect the 
velocity of the subject . Also , the auxiliary input / output system data stored in these layers 72 , 74 from being inad 
devices 68 of the systems 100 , 200 may further include one vertently modified by the system user . In the illustrative 
or more devices to measure the speed of the treadmill belts embodiment , the virtual reality DLL software layer 76 is in 
and one or more inertial measurement units ( IMUS ) for the form of an executable / graphical user interface ( GUI ) / 
measuring the movement of the subject disposed on the 25 example software code that lists the variables that the user 
instrumented treadmill 10 , 10 ' . The auxiliary input / output is able to use to design or modify using the visual interface . 
devices 68 of the systems 100 , 200 may also include a The virtual reality DLL software layer 76 also lists the 
galvanic stimulator that sends an electrical signal to a variable names that can be accessed from the system inte 
portion of the body of the subject , one or more treadmill belt gration software 75 , which includes data from the instru 
tachometers that measure the treadmill belt rotational speed 30 mented treadmill 10 , 10 ' and the motion capture ( MoCap ) 
directly , and / or a hand trigger connected to the analog - to- software 80. The user - developed virtual reality interface 
digital ( A / D ) board . software layer 78 ( or user - developed application software 

Next , with reference again to FIG . 10 , the system imple- layer 78 ) is responsible for the visual stimulus feedback . The 
mentation layer 72 , the system integration software layer 74 , user - developed application software 78 allows the system 
the virtual reality dynamic - link library ( DLL ) software layer 35 user to program the visual scenes that provide feedback to 
76 , and the user - developed virtual reality interface software the subject ( e.g. , the closed loop biofeedback described 
layer 78 of the force measurement systems 100 , 200 will be hereinafter ) . These visual scenes may be standalone , open 
described . As shown in FIG . 10 , the system implementation loop feedback or closed loop feedback . An example of a 
layer 72 includes the programmable logic controller ( PLC ) standalone visual scene is just projecting an animation with 
58 and motion capture ( MoCap ) software 80. The function- 40 no communication between the system integration software / 
ality of the programmable logic controller 58 was described treadmill / cameras and the visual scene itself . With open loop 
above . In the illustrative embodiment , which employs a feedback , the data from the system integration software 75 
marker - based motion capture system , the motion capture is passed to the visual scene and the visual stimulus is 
( MoCap ) software 80 is used to analyze the reflective synchronized with either the instrumented treadmill 10 , 10 ' 
markers attached to the subject . The motion capture ( Mo- 45 or the cameras 50. In the illustrative embodiment , the 
Cap ) software 80 may also utilize analog / digital data from treadmill belt speed and the speed scale factor is sent to the 
the instrumented treadmill 10 , 10 ' to calculate joint kine- user - developed application software 78 which , in turn , uses 
matics and kinetics and identify gait events , such as heel these parameters to set the speed of the optic flow . Thus , the 
strike . The system integration software layer 74 comprises optic flow is able to be synchronized with the treadmill belt 
the software 75 that synchronizes data from the instru- 50 speed . As another example , a pelvic marker position may be 
mented treadmill 10 , 10 ' and the camera data processed by sent to the user - developed application software 78 so that the 
the motion capture software 80. The system integration optic flow may be synchronized with the pelvic marker 
software 75 has the capability to connect any auxiliary instead . The ground reaction forces and the center - of - pres 
input / output devices 68 , such as foot switches , EMG sure ( COP ) determined using the instrumented treadmill 10 , 
devices , galvanic stimulators , inertial measurement units 55 10 ' are also sent to the user - developed application software 
( IMUS ) , and head / eye trackers through an analog - to - digital 78 so that the visual scene is capable of being changed based 
( A / D ) board . All of this data is synchronized in real - time to on the ground reaction forces and / or the center - of - pressure 
process and display information , such as joint kinematics of the subject . In the illustrative embodiment , different 
and kinetics , ground reaction forces , spatiotemporal param- levels of difficulty are capable of being set up in the visual 
eters of gait , muscle activation , and rigid body positions . 60 scene based on the subject performance . The subject per 
Gait events , such as heel strike and toe - off can be identified . formance may be quantified based on the treadmill or 
The software also provides real - time biofeedback in terms of camera data . For example , the ground reaction force during 
visual and / or auditory feedback . Visual feedback is through heel strike or the position of some joint . The closed loop 
communication with the user - developed virtual reality inter- feedback functionality of the force measurement systems 
face software layer 78 ( or the user - developed application 65 100 , 200 will be described in detail hereinafter . As one 
software 78 ) . The auditory feedback comprises one or more example of closed loop feedback carried out by the system 
speakers provided as part of the force measurement system 100 , 200 , the belt speed of the instrumented treadmill 10 , 10 ' 
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changes in accordance with the visual scene on the spherical screen in accordance with the center of pressure ( COP ) 
screen 31 of the visual display device 30 . determined by the instrumented treadmill 10 , 10 ' . For 

In one or more embodiments , the force measurement example , when a subject leans to the left on the instrumented 
systems 100 , 200 may each comprise two ( 2 ) data acquisi- treadmill 10 , 10 ' , the star 118 in the immersive grocery aisle 
tion / data processing devices ( i.e. , two ( 2 ) computers ) for 5 scene is displaced to the left . Conversely , when a subject 
executing the software described above . The first computer leans to the right on the instrumented treadmill 10 , 10 ' , the 
has the treadmill control software , the motion capture soft- star 118 in the immersive grocery aisle scene is displaced to 
ware 80 , and the system integration software 75 loaded the right . In this manner , the subject is able to avoid colliding 
thereon . The second computer has the virtual reality soft- with the obstacles 114 in the immersive grocery aisle scene 
ware 76 and the user - developed application software 78 10 by appropriately shift his or her weight to the right or to the 
loaded thereon . In one or more alternative embodiments , the left , thereby moving the star 118 to a side of the obstacle 114 . 
force measurement systems 100 , 200 may each comprise a In the immersive grocery aisle scenario of FIGS . 11 and 12 , 
single data acquisition / data processing device 60 ( i.e. , a when a subject collides with one of the obstacles 114 in the 
single computer ) for executing the software described scene ( i.e. , when the star 118 representing the subject 
above . In these one or more alternative embodiments , the 15 collides with one of the obstacles 114 ) , the data acquisition / 
data acquisition / data processing device 60 may have the data processing device 60 may be specially programmed to 
treadmill control software , the motion capture software 80 , reduce the treadmill belt speed so as to simulate a collision 
the system integration software 75 , the virtual reality soft- with the virtual obstacle 114 ( i.e. , by reducing the speed set 
ware 76 , and the user - developed application software 78 all point sent to the speed adjustment mechanisms of the 
loaded thereon . 20 treadmill belts ) . Then , after the subject clears the virtual 

In the illustrative embodiment , the force measurement obstacle 114 ( i.e. , once the star 118 is shifted to a side of the 
systems 100 , 200 are capable of providing both explicit obstacle 114 by the subject ) , the data acquisition / data pro 
motor training and implicit motor training for the subject . cessing device 60 may be specially programmed to increase 
When explicit motor training is provided , the scene dis- the treadmill belt speed to its speed prior to the collision with 
played on the spherical screen 31 of the visual display device 25 the virtual obstacle 114 so that the subject may continue to 
30 merely graphically depicts the movement of the subject progress down the virtual grocery aisle in a normal fashion . 
so as to provide feedback to the subject . For example , in the Although FIGS . 11 and 12 depict generally planar images , 
case of explicit feedback , the height of the subject's foot rather than a concave image projected on the spherical 
from the surface level and / or the joint kinematics of the screen 31 of the visual display device 30 , it is to be 
subject may be displayed on the spherical screen 31 of the 30 understood that the immersive grocery aisle scenario , like 
visual display device 30. Although , when implicit motor the other scenarios described hereinafter , is configured to be 
training is provided , the subject is in control of the feedback implemented on the spherical screen 31 that at least partially 
that is provided on the spherical screen 31 of the visual surrounds the subject . 
display device 30. For example , in the case of implicit In a further embodiment , while walking through the 
feedback , when a subject is progressing down a virtual 35 immersive grocery aisle scene of FIGS . 11-12 , the subject 
grocery store aisle on the spherical screen 31 of the visual may be instructed to overcome obstacles 114 by lifting his 
display device 30 ( e.g. , as shown in FIGS . 11 and 12 ) , the foot so as to step over the obstacles 114. In this further 
number of obstacles 114 avoided by the subject , and the embodiment , a reflective marker may be attached to the foot 
number of obstacles 114 that the subject collides with may of the subject so that the cameras 50 of the motion capture 
be recorded by the data acquisition / data processing device 40 system described above are able to detect the foot position 
60 of the system 100 , 200. The data acquisition data pro- of the subject by means of this reflective marker . If the foot 
cessing device 60 of the system 100 , 200 may also be is raised high enough by the subject , the subject clears the 
specially programmed to display the recorded obstacle obstacle 114. However , if the subject does not raise his or her 
avoidance and obstacle collision quantities on the spherical foot to the desired height so as to clear the obstacle 114 , the 
screen 31 of the visual display device 30 in order to provided 45 data acquisition / data processing device 60 may be pro 
implicit feedback to the subject undergoing the training or grammed to generate a red line on the scene which indicates 
testing on the instrumented treadmill 10 , 10 ' . the additional height the foot has to reach . In one or more 

With reference to FIGS . 11-12 , an immersive grocery embodiments , the data acquisition / data processing device 60 
aisle scene in accordance with one illustrative embodiment may be programmed to compute an error term by subtracting 
of the invention will be described . Initially , with reference to 50 the actual foot height achieved by the subject from the height 
FIG . 11 , it can be seen that the grocery aisle screen image of the obstacle 114 ( i.e. , Obstacle Height - Foot Height From 
110 comprises a grocery aisle 112 bounded by a plurality of Marker = Error ) . In these embodiments , the acquisition / data 
shelves 116 disposed on each of the opposite sides of the processing device 60 determines the height of the red line in 
grocery aisle 112. A plurality of obstacles ( e.g. , boxes 114 ) the scene by adding the error term to the actual foot height 
is disposed in the grocery aisle 112 so that the subject is 55 achieved by the subject . In one or more other embodiments , 
required to maneuver around the obstacles 114 in an effort the data acquisition / data processing device 60 may be pro 
to avoid colliding with one of the obstacles 114. The grocery grammed to compute an augmented error term by multiply 
aisle screen image 110 ' of FIG . 12 is identical to the grocery ing the aforedescribed error term by a numerical factor ( e.g. , 
screen image 110 of FIG . 11 , except that the screen image 1.25 , 1.5 , 2.0 , etc. ) . In these embodiments , the acquisition / 
110 ' comprises a star 118 disposed in the screen image 110 ' . 60 data processing device 60 determines the height of the red 
The star 118 represents the position of the subject in the line in the scene by adding the augmented error term to the 
screen image 110 ' . In one or more alternative embodiments , actual foot height achieved by the subject . As such , the error 
the star 118 may be replaced with an avatar or a silhouette term may be difference between the desired and current foot 
of the subject in the screen image 110 ' . In the immersive position , or in case of augmented error , the error term may 
grocery aisle scenario of FIGS . 11 and 12 , the data acqui- 65 be multiplied by a numerical factor . 
sition / data processing device 60 may be specially pro- A force measurement system 300 is illustrated in FIGS . 24 
grammed to control the movement of the star 118 on the and 25. The force measurement system 300 of FIGS . 24 and 
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25 is similar in most respects to the force measurement augmented reality headset ) because , even if the person turns 
systems 100 , 200 described above , except for the force his or her head , the additional visual objects ( e.g. , obstacles 
measurement system 300 being provided with a slightly 144 ) move with the person . 
different base subassembly 20 " and treadmill platform 54 ' . In this further embodiment , the head - mounted visual 

In yet a further embodiment , the force measurement 5 display 138 ( e.g. , an augmented reality headset ) is preferably 
systems 100 , 200 , 300 may be provided with a first visual in the form of augmented reality goggles or augmented 
display device and a second visual display device opera reality glasses . The augmented reality goggles or augmented 
tively coupled to the data acquisition / data processing device reality glasses 138 advantageously allow the subject 140 to 

view the real - world environment ( i.e. , the one or more 60. In this further embodiment , a first visual display device 
may comprise the visual display device 30 with the spherical 10 primary scenes 142 on the first visual display device 

30 — see FIG . 24 ) while the real - world environment is aug screen 31 described above , and the second visual display mented by the additional visual objects ( e.g. , obstacles 144 ) device may comprise a head - mounted visual display 138 projected by the augmented reality goggles or glasses 138 . ( e.g. , an augmented reality headset 138 see FIG . 24 ) . In The use of the augmented reality goggles or augmented 
this further embodiment , the first visual display device 30 is 15 reality glasses together with the one or more primary scenes configured to display one or more primary scenes on the on the first visual display device 30 advantageously allows spherical screen 31. Also , in this further embodiment , the the system 100 , 200 , 300 to create perceptions by the subject 
data acquisition / data processing device 60 is configured to 140 that result in postural instability ( i.e. , the augmented 
generate an obstacle ( e.g. , boxes 114 described above ) reality will intensify the experience of the subject ) . 
disposed in a virtual walking path , and the head - mounted In the one or more further embodiments , the head 
visual display 138 ( e.g. , an augmented reality headset ) is mounted visual display 138 ( e.g. , augmented reality goggles 
configured to project the obstacle 114 into the one or more or augmented reality glasses ) may have dual projectors with 
primary scenes displayed the spherical output so een 31 a resolution of at least 1280 pixels in the horizontal direction 
of the first visual display device 30. Alternatively , rather than by 720 pixels in the vertical direction per eye of the subject 
projecting the obstacle 114 into the one or more primary 25 140 ( or 1280 by 720 pixel resolution per eye of the subject 
scenes displayed on the first visual display device 30 , the 140 ) . Also , in one or more embodiments , the head - mounted 
head - mounted visual display 138 ( e.g. , an augmented reality visual display 138 ( e.g. , augmented reality goggles or aug 
headset ) may project one or more obstacles 144 ( e.g. , the mented reality glasses ) may have a refresh rate of at least 59 
rocks 144 depicted in FIG . 24 ) onto one or both of the top Hertz , or alternatively , at least 90 Hertz per eye . In one or 
surfaces 16 , 18 of the treadmill belts 12 , 14 of the instru- 30 more further embodiments , the head - mounted visual display device 138 ( e.g. , augmented reality goggles or augmented mented treadmill 10 , 10 ' . In this further embodiment , the 
type of obstacle ( s ) projected onto the one or more primary reality glasses ) may have a refresh rate between approxi 

mately 59 Hertz and approximately 120 inclusive ( or scenes of the first visual display device 30 , or onto the top between 59 Hertz and 120 Hertz , inclusive ) . Moreover , in surfaces 16 , 18 of the treadmill belts 12 , 14 , by the head 35 one or more embodiments , the display latency or display mounted visual display 138 may vary depending on the time lag of the head - mounted visual display device 138 ( i.e. , primary scene ( s ) . The obstacle ( s ) projected by the head amount of time that it takes for the pixels of the display to mounted visual display 138 will generally match the primary update in response to the head movement of the user ) is 
scene ( s ) on the first visual display device 30. For example , between approximately 50 milliseconds and approximately 
if a forest scene 142 is being displayed on the first visual 40 70 milliseconds , inclusive ( or between 50 milliseconds and 
display device 30 ( see FIG . 24 ) , the head - mounted visual 70 milliseconds , inclusive ) . In one or more further embodi 
display 138 ( e.g. , an augmented reality headset ) would ments , the head - mounted visual display device 138 may 
project obstacles in the form of rocks 144 or tree stumps on have a display latency or display time between approxi 
the top surfaces 16 , 18 of the treadmill belts 12 , 14 . mately 10 milliseconds and approximately 50 milliseconds , 

Advantageously , the head - mounted visual display 138 45 inclusive ( or between 10 milliseconds and 50 milliseconds , 
( e.g. , an augmented reality headset ) allows additional visual inclusive ) 
objects ( e.g. , obstacles 144 ) to be easily overlaid on the one In one or more embodiments , the head - mounted visual 
or more primary scenes 142 of the first visual display device display device 138 may be operatively coupled to the data 
30 , or on the top surfaces 16 , 18 of the treadmill belts 12 , 14 . acquisition / data processing device 60 by one or more wired 
This overlay functionality has two primary benefits : ( i ) the 50 connections . For example , the video signal ( s ) and data 
additional visual objects ( e.g. , obstacles ) are able to be signal ( s ) for the head - mounted visual display device 138 
projected in areas that are outside the field of view of the may be transmitted using a Universal Serial Bus ( USB ) 
projector 40 , such as on the treadmill belts 12 , 14 or the area cable . The head - mounted visual display device 138 may also 
between the treadmill 10 , 10 ' and the spherical screen 31 ; include a wired power connection . In one or more alternative 
and ( ii ) the additional visual objects ( e.g. , obstacles ) move 55 embodiments , the head - mounted visual display device 138 
with the subject 140 so that it is far more difficult for the may be operatively coupled to the data acquisition / data 
subject 140 to lose the immersive experience of the system processing device 60 using a wireless connection rather than 
100 , 200 , 300 when the head - mounted visual display 138 hardwired connection ( s ) . 
( e.g. , an augmented reality headset ) is disposed on the head In one or more embodiments , in order to effectively 
of the subject 140. In particular , one of the primary objec- 60 handle the data processing associated with the head 
tives of the tests conducted using the system 100 , 200 , 300 mounted visual display device 138 ( e.g. , augmented reality 
is to assess the impact of visual simulation on the subject goggles or augmented reality glasses ) , the data acquisition / 
140. When only the first visual display device 30 is used in data processing device 60 coupled to the head - mounted 
the system 100 , 200 , 300 , a person will lose his or her visual display device 138 may have a high performance 
immersive experience if he or she turns his or her head away 65 microprocessor , one or more high performance graphics 
from the immersive scene . However , this problem is solved cards , and sufficient random - access memory ( RAM ) . For 
by using the head - mounted visual display 138 ( e.g. , an example , in an illustrative embodiment , the data acquisition / 
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data processing device 60 coupled to the head - mounted rain 148 may be added to the island pathway scene 120 " " 
visual display device 138 may have an Intel® Core i5 using the head - mounted visual display 138 ( e.g. , an aug 
processor or greater , one or more NVIDIA® GeForce 900 mented reality headset ) . In this exemplary island pathway 
series graphics processing units ( GPU ) or a higher series scene 120 " " ( see FIG . 26 ) , the angle and the direction of the 
GPU , and eight ( 8 ) gigabytes of random - access memory 5 rain 148 may be set by the user so as to enable the user to 
( RAM ) or greater . selectively vary the second optic flow direction ( e.g. , the 

In still a further embodiment , turning to FIG . 25 , the data angle of the rain may be 20 degrees or 30 degrees from 
acquisition / data processing device 60 is configured to gen- vertical , rather than being vertically disposed ) . As another 
erate a filler image ( s ) 146 for the intervening space between example of optic flow in orthogonal directions , when the one 
the front edge of the instrumented treadmill 10 , 10 ' and the 10 or more primary scenes on the first visual display device 30 
bottom edge of the first visual display device 30. In this are in the form of a forest scene , rain or snow may be added 
further embodiment , the head - mounted visual display 138 to the forest scene using the head - mounted visual display 
( e.g. , an augmented reality headset ) is configured to project 138 ( e.g. , an augmented reality headset ) . Similar to island 
the filler image ( s ) 146 into the intervening space between pathway scene 120 " " described above in conjunction with 
the instrumented treadmill 10 , 10 ' and the first visual display 15 FIG . 26 , in the forest scene , the angle and the direction of the 
device 30 so as to extend the one or more primary scenes 142 rain or snow may be set by the user so as to enable the user 
on the output screen of the first visual display device 30. In to selectively vary the second optic flow direction . 
other words , in this further embodiment , the intervening In the further embodiments described above , the data 
space between the instrumented treadmill 10 , 10 ' and the acquisition data processing device 60 may be specially 
first visual display device 30 is filled with one or more 20 programmed such that the viewpoint of the head - mounted 
images 146 displayed by the head - mounted visual display visual display 138 ( i.e. , the augmented reality viewpoint ) is 
138 ( e.g. , an augmented reality headset ) . In one or more a camera input to the software program controlling the one 
embodiments , these one or more filler images 146 may be or more primary scenes 142 on the first visual display device 
capable of being selectively activated and deactivated ( i.e. , 30 ( see FIGS . 24 and 25 ) . Depending on the camera angle , 
turned on and off ) by a user of the system 100 , 200 , 300. 25 it is decided whether the subject 140 is looking at the 
Because the filler image ( s ) 146 are an extension of the one treadmill belts 12 , 14 or at the spherical output screen 31 of 
or more primary scenes 142 displayed on the first visual the first visual display device 30. If the subject 140 is 
display device 30 , the filler image ( s ) 146 advantageously looking at the treadmill belts 12 , 14 , the additional visual 
make the scenes 142 on the first visual display device 30 objects ( e.g. , obstacles ) displayed by the head - mounted 
even more immersive for the subject 140 because the filler 30 visual display 138 ( e.g. , an augmented reality headset ) are 
image ( s ) 146 eliminate the empty space that otherwise projected onto one or both of the treadmill belts 12 , 14. In 
would be present between the front edge of the instrumented these one or more further embodiments , similar to that 
treadmill 10 , 10 ' and the bottom edge of the first visual described above , there may be one or more markers ( e.g. , 
display device 30 ( see FIGS . 1 , 3 , and 5 ) . As one example reflective markers ) attached to the foot of the subject 140 so 
of a filler image that may be projected into the intervening 35 that the cameras 50 of the motion capture system described 
space between the instrumented treadmill 10 , 10 ' and the above are able to detect the foot position of the subject 140 
first visual display device 30 , if the one or more primary by means of these one or more markers ( e.g. , reflective 
scenes comprise a forest scene 142 ( see FIG . 25 ) , the markers ) . If the additional visual objects displayed by the 
head - mounted visual display 138 ( e.g. , an augmented reality head - mounted visual display 138 comprise obstacles , and it 
headset ) may project a similar grassy patch 146 with trees 40 is determined that the subject is looking at the first visual 
into the intervening space between the instrumented tread- display device 30 based upon the augmented reality camera 
mill 10 , 10 ' and the first visual display device 30. Advan- viewpoint , the obstacles in the one or more primary scenes 
tageously , the grassy patch 146 projected into the interven- on the first visual display device 30 are considered for object 
ing space by the head - mounted visual display 138 ( e.g. , an collision . Conversely , if it is determined that the subject is 
augmented reality headset ) would significantly enhance the 45 looking at the treadmill belts 12 , 14 based upon the aug 
immersion experience of the subject while being tested mented reality camera viewpoint , the obstacles projected 
using system 100 , 200 , 300 . onto the treadmill belts 12 , 14 by the head - mounted visual 

In the further embodiments described above , the data display ( e.g. , an augmented reality headset ) are considered 
acquisition / data processing device 60 may additionally be for object collision . 
configured to control a first optic flow direction of the one 50 In yet a further embodiment , turning to FIG . 27 , a 
or more primary scenes on the curved output screen of the measurement system 400 comprises a plurality of measure 
first visual display device 30 and to control a second optic ment assemblies ( e.g. , instrumented treadmill 10 ' and a 
flow direction of the one or more visual elements displayed motion capture system with motion capture devices 50 ) , a 
by the head - mounted visual display 138 ( e.g. , an augmented head - mounted visual display device 150 , and a data acqui 
reality headset ) . In these one or more further embodiments , 55 sition / data processing device 60 ( see FIG . 9 ) operatively 
the first optic flow direction is different from the second coupled to the plurality of measurement assemblies 10 ' , 50 
optic flow direction so as to induce postural instability in the and the head - mounted visual display device 150. In the 
subject . More specifically , in these one or more further illustrative embodiment of FIG . 27 , the first measurement 
embodiments , the first optic flow direction of the one or assembly is in the form of a force measurement assembly 
more primary scenes on the spherical output screen 31 of the 60 ( e.g. , an instrumented treadmill 10 ' ) configured to receive a 
first visual display device 30 is generally orthogonal to the first system user ( e.g. , a patient or athlete ) . In the illustrative 
second optic flow direction of the one or more visual embodiment of FIG . 27 , the second measurement assembly 
elements displayed by the head - mounted visual display 138 is in the form of a motion capture system with a plurality of 
( e.g. , an augmented reality headset ) . As one example of motion capture devices ( e.g. , cameras 50 ) . In the illustrative 
optic flow in orthogonal directions , when the one or more 65 embodiment , the data acquisition / data processing device 60 
primary scenes 126 on the first visual display device 30 are is configured to receive the signals that are representative of 
in the form of an island pathway scene 120 " " ( see FIG . 26 ) , the forces and / or moments being applied to the belt top 
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surfaces 16 , 18 of the instrumented treadmill 10 ' by the first thesis 158 on the patient 154. The force line 160 is the line 
system user ( e.g. , the patient or athlete ) , and to convert the along which the equivalent single force acts on the prosthe 
signals into output forces and / or moments . The data acqui- sis 158. In the illustrative embodiment , the location and 
sition / data processing device 60 is further configured to direction of the force line 160 is obtained using the output 
determine one or more positions of the one or more body 5 forces and / or moments determined by the instrumented 
portions of the first system user ( e.g. , the patient or athlete ) treadmill 10 ' ( e.g. , the output shear forces determine the tilt 
from the plurality of motion capture devices 50. The data of the force line 160 ) . When the patient 154 walks or runs 
acquisition data processing device 60 is additionally config- on the instrumented treadmill 10 ' , the location and direction 
ured to generate a visual element for superimposition onto of the force line 160 is constantly changing with respect to 
the first system user ( e.g. , the patient or athlete ) , and display 10 the geometric lengthwise axis of the prosthesis 158 ( or the 
the superimposed visual element on the head - mounted anatomical lengthwise axis for the natural leg of the patient 
visual display device 150 so that a second system user ( e.g. , 154 ) . The orientation of the force line 160 as viewed from 
a clinician or trainer ) is able to visualize a particular param- the side of the patient 154 is directly related to the stability 
eter or characteristic associated with the first system user of the prosthetic knee of the prosthesis 158 of the patient 
( e.g. , the patient or athlete ) when wearing the head - mounted 15 154. For example , during heel contact of the gait cycle 
visual display device 150. In the illustrative embodiment , stance phase , when the force line 160 is positioned poste 
the data acquisition / data processing device 60 is configured riorly with respect to the prosthetic knee center , the pros 
to generate the visual element using the output forces , the thetic knee will buckle under the load . Conversely , when the 
output moments , and / or the one or more positions of the one force line 160 is positioned anteriorly with respect to the 
or more body portions of the first system user ( e.g. , the 20 prosthetic knee center during heel contact of the gait cycle 
patient or athlete ) determined from the instrumented tread- stance phase , the prosthetic knee will be stable . 
mill 10 ' and the plurality of motion capture devices 50 . In the illustrative embodiment , when the measurement 

In the illustrative embodiment , the head - mounted visual system 400 is being used in a second athletic training 
display device 150 may be in the form of an augmented application ( see FIG . 28 ) , the first system user disposed on 
reality headset ( e.g. augmented reality goggles or augmented 25 the instrumented treadmill 10 may be an athlete and the 
reality glasses ) having the features and performance param- second system user wearing the head - mounted visual dis 
eters described above with regard to head - mounted visual play device 150 may be a trainer . In this athletic training 
display 138. The augmented reality headset 150 may be application , the visual element superimposed on the athlete 
provided with augmented reality tracking software , which 162 is a graphical representation 164 of a movement , force , 
automatically maintains the correct positioning of the super- 30 or torque associated with the athlete so that the trainer 166 
imposed visual element on the first system user ( e.g. , the is able to more effectively train the athlete 162. In the 
patient or athlete ) in real - time as the first system user ( e.g. , illustrative embodiment , the graphical representation 164 of 
the patient or athlete ) moves in the real world space . the movement , force , or torque is generated by the data 

In the illustrative embodiment , when the measurement acquisition / data processing device 60 based upon the output 
system 400 is being used in a first prosthesis fitting appli- 35 forces and / or moments from the instrumented treadmill 10 ' 
cation , the first system user disposed on the instrumented and / or the one or more positions of the one or more body 
treadmill 10 ' may be a patient and the second system user portions of the athlete 162 determined from the plurality of 
wearing the head - mounted visual display device 150 may be motion capture devices 50. For example , in one or more 
a clinician . In this prosthesis fitting application , the visual embodiments , the athlete 162 may be a golfer and the trainer 
element superimposed on the patient 154 is a force line or 40 166 may be a golf instructor , and the visual element super 
load line 160 to facilitate the clinician 156 accurately fitting imposed on the golfer may be a graphical representation 164 
a prosthesis 158 on the patient 154 , observing the prosthesis of the torque generated by the golf swing of the golfer . As 
158 on the patient 154 , and / or making adjustments to the another example , in one or more embodiments , the athlete 
prosthesis 158 on the patient 154 in real - time . In the 162 may be a baseball player and the trainer 166 may be a 
illustrative embodiment , the force line or load line 160 45 baseball trainer , and the visual element superimposed on the 
superimposed on the patient 154 is generated based upon the baseball player may be a graphical representation of the 
output forces and / or moments from the instrumented tread- torque generated by the baseball swing of the baseball 
mill 10 ' and / or the one or more positions of the one or more player . 
body portions of the patient 154 determined from the The graphical representation 164 of the torque depicted in 
plurality of motion capture devices 50. Also , in this appli- 50 FIG . 28 may be used by the trainer 166 to provide the golfer 
cation , other visual elements may be displayed on the 162 with specific instructions for improving his or her golf 
head - mounted visual display device 150 worn by the clini- swing . In the illustrative embodiment , the graphical repre 
cian 156. For example , other kinematic data associated with sentation 164 of the torque depicted in FIG . 28 is obtained 
the patient 154 and / or a kinematic skeleton diagrammati- using the output forces and / or moments determined by the 
cally representing the movement of the patient 154 may be 55 instrumented treadmill 10 ' and / or the output data from the 
displayed on the head - mounted visual display device 150 motion capture system . For example , the torque about the 
worn by the clinician 156. Displaying a superimposed visual x - axis is determined as a function of the x - component shear 
element or elements on the head - mounted visual display forces measured using the instrumented treadmill 10 ' , and as 
device 150 worn by the clinician 156 advantageously obvi- a function of a perpendicular distance from the pivot line of 
ates the need for the clinician 156 to look at a separate 60 action of the Fx shear force ( i.e. , the torque arm ) . As another 
screen , thus allowing the clinician 156 to consistently main- example , the torque about the z - axis is determined as a 
tain his or her focus on the patient 154. As such , when the function of the z - component vertical forces measured using 
clinician 156 is fitting a prosthesis on the patient 154 , the the instrumented treadmill 10 ' , and as a function of a 
prosthetic fitting task is able to be accomplished more perpendicular distance from the pivot line of action of the F , 
efficiently , and possibly more accurately as well . 65 vertical force ( i.e. , the torque arm ) . 

The force line or load line 160 depicted in FIG . 27 may In the illustrative embodiment , the data acquisition / data 
be used by the clinician 156 to accurately align the pros- processing device 60 is further configured to record one or 
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more captured images of the first system user ( e.g. , the moments superimposed on the avatar . In this embodiment , 
patient or athlete ) with the visual element superimposed the measurement device may comprise the instrumented 
thereon so that the second system user ( e.g. , a clinician or treadmill 10 described above for measuring the forces 
trainer ) is able to review the one or more captured images at and / or moments generated by the patient 154 or the athlete 
a later time . 5 162 . 

In one or more alternative embodiments , rather than the As one example , in the illustrative embodiment of FIG . 
first measurement assembly being in the form of the instru- 29 , the head - mounted visual display device 170 may be 
mented treadmill 10 ' , the first measurement assembly may worn by a golfer 172 as the golfer is swinging a golf club 
be in the form of a force plate . For example , the first 174 so that the golfer 172 is able to improve his or her golf 
measurement assembly may be in the form of a dynamic 10 swing by self - training . In FIG . 29 , the golfer 172 is disposed 
force plate or a static force plate , such as the force plates on a force plate 176 for measuring the ground reaction forces 
described in U.S. Pat . No. 8,847,989 , the entire disclosure of of the golfer 172 as the golfer swings the golf club 174 , and 
which is incorporated herein by reference . the golfer 172 is surrounded by a plurality of cameras 168 

In one or more other alternative embodiments , the mea- of a motion capture system for capturing the motion of the 
surement system 400 may be used to monitor the eye 15 body of the golfer 172 as the golfer swings the golf club 174 . 
movement of a patient 154 while he or she is being tested on Also , as shown in FIG . 29 , a graphical representation of the 
the instrumented treadmill 10 ' . As shown in FIG . 27 , the movement of the golf club 174 ( denoted by the curved arrow 
patient 154 disposed on the instrumented treadmill 10 ' may 178 ) is superimposed across the golf club 174 so that the 
be outfitted with an eye movement tracking device 152 to golfer 172 is able to more easily visualize the path of his golf 
track the eye movement of his eyes while being tested . The 20 swing for self - training purposes . In FIG . 29 , the head 
eye movement tracking device 152 is used to monitor the mounted visual display device 170 may be in the form of a 
patient's eye movement to determine the stress level of the virtual reality headset where the graphical representation of 
patient 154. In this particular application of the measure- the movement of the golf club 174 denoted by the curved 
ment system 400 , the visual element superimposed on the arrow 178 is superimposed across a virtual representation of 
patient 154 and displayed by the head - mounted visual 25 the golf club 174. Alternatively , the head - mounted visual 
display device 150 worn by the clinician 156 may be a display device 170 in FIG . 29 may be in the form of a mixed 
readily perceivable visual indicator ( e.g. , the head of the reality headset where the graphical representation of the 
patent 154 turns “ red ” in color when a high stress level of the movement of the golf club 174 denoted by the curved arrow 
patent 154 is determined ) . In this alternative embodiment , 178 is superimposed across the actual golf club 174 that is 
the visual indicator generated by the data acquisition / data 30 viewable through the mixed reality headset by the golfer 
processing device 60 is based on the eye movement of the 172. In FIG . 29 , certain elements , such as the golf ball 173 
patient 154 detected by the eye movement tracking device and the hole 175 , are a part of the virtual scene generated by 
152. Advantageously , the detection of the patient's eye the virtual reality headset or the mixed reality headset . 
movement by the eye movement tracking device 152 , and As another example , the head - mounted visual display 
the use of the head - mounted visual display device 150 to 35 device 150 may be worn by an athlete that is walking or 
display the visual indicator to the clinician 156 , obviates the running on the instrumented treadmill 10 , 10 ' described 
need for a human observer to manually monitor the eye above . In this example , a reflective marker may be attached 
movement of the patient 154 , which enables a single clini- to the foot of the athlete so that the cameras 50 of the motion 
cian to perform a test that involves monitoring the eye capture system described above are able to detect the foot 
movement of the patent 154 . 40 position of the athlete by means of this reflective marker . 

In yet one or more other alternative embodiments , the When walking or running on the instrumented treadmill 10 , 
head - mounted visual display device 150 may be used to 10 ' , if the athlete is not using enough heel strike , then the 
display visual indicators to the clinician 156 that are indica- data acquisition / data processing device 60 may be pro 
tive of a particular safety concern associated with the patient grammed to superimpose a red indicator light on the heel of 
154. For example , if it is detected by the instrumented 45 the athlete using the head - mounted visual display device 150 
treadmill 10 ' that the patient 154 is about to step off one of so that the athlete can increase his or her heel strike . 
the treadmill belts 12 , 14 , a readily perceivable visual Conversely , when walking or running on the instrumented 
indicator may be displayed on the head - mounted visual treadmill 10 , 10 ' , if the athlete is using enough heel strike , 
display device 150 worn by the clinician 156 ( e.g. , the foot then the data acquisition / data processing device 60 may be 
of the patient 154 , which is close to the edge of the treadmill 50 programmed to superimpose a green indicator light on the 
belt 12 , 14. may turn “ red ” in color ) to warn the clinician 156 heel of the athlete using the head - mounted visual display 
that the patient 154 is about to step off the instrumented device 150 so that the athlete is informed that his or her heel 
treadmill 10 ' . strike is acceptable . Also , when walking or running on the 

In still one or more other alternative embodiments , the instrumented treadmill 10 , 10 ' , if the toes of the athlete are 
head - mounted visual display device 150 is worn by the 55 pointed inwardly too much , then the data acquisition / data 
patient 154 or the athlete 162 himself or herself , rather than processing device 60 may be programmed to superimpose a 
the clinician 156 or the trainer 166 wearing the headset , so red indicator light on the toe areas of the athlete using the 
that the patient 154 or the athlete 162 is able to visualize his head - mounted visual display device 150 so that the athlete 
or her own forces and / or moments while performing a can try to adjust his or her toes so that the toes are generally 
particular physical activity ( e.g. , dancing , swinging a golf 60 pointing straight ahead . Conversely , when walking or run 
club , swinging a baseball bat , etc. ) . For example , the head- ning on the instrumented treadmill 10 , 10 ' , if the toes of the 
mounted visual display device 150 may be a virtual reality athlete are generally pointing straight ahead , then the data 
headset or a mixed reality headset and the forces and / or the acquisition / data processing device 60 may be programmed 
moments may be superimposed on an avatar representation to superimpose a green indicator light on the toe areas of the 
of the patient 154 or the athlete 162 so that the patient 154 65 athlete using the head - mounted visual display device 150 so 
or the athlete 162 is able to modify his or her own move- that the athlete is informed that his or her toe configuration 
ments based upon feedback from the forces and / or the is acceptable . In addition , when walking or running on the 
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instrumented treadmill 10 , 10 ' with side handrails containing device may comprise a torque sensor provided in the wrench 
force sensors disposed therein , if the athlete is applying too for measuring the tightening torque applied to the fastener . 
much force on one or more of the handrails with one or more For example , in the illustrative embodiment of FIG . 30 , 
of his or her hands , then the data acquisition / data processing the head - mounted visual display device 170 may be worn by 
device 60 may be programmed to superimpose a red indi- 5 a person 180 tightening a fastener 186 using a wrench 182 
cator light on the one or more of his or her hands applying so that the person 180 is able to accurately regulate the 
the excessive force on the one or more handrails using the amount of torque applied to the fastener 186 by the wrench 
head - mounted visual display device 150 so that the athlete 182. In FIG . 30 , as the person 180 is applying a torque to the 

wrench 182 with his hand 184 , a measurement assembly can try to reduce the force being applied to the one or more 
handrails . Conversely , when walking or running on the 10 ( e.g. , a torque sensor ) inside the wrench 182 measures the 
instrumented treadmill 10 , 10 ' with side handrails containing amount of torque that is being applied to the fastener 186 

( e.g. , a bolt ) . Also , as shown in FIG . 30 , a graphical force sensors disposed therein , if the athlete is applying an representation of the torque applied to the fastener 186 acceptable amount of force on one or more of the handrails ( denoted by the curved arrow 188 ) is superimposed around with one or more of his or her hands , then the data acqui 15 the head of the wrench 182 so that the person 180 is able to sition / data processing device 60 may be programmed to visualize the torque being applied to the fastener 186 and superimpose a green indicator light on the one or more of his regulate the torque accordingly ( e.g. , so that the person 180 
or her hands applying the acceptable amount of force on the does not apply an excessive torque to the fastener 186 that 
one or more handrails using the head - mounted visual display results in the stripping of the fastener 186 ) . In FIG . 30 , the 
device 150 so that the athlete is informed that his or her 20 head - mounted visual display device 170 may be in the form 
applied hand force is acceptable . of a virtual reality headset where the graphical representa 
As yet another example , the head - mounted visual display tion of the applied fastener torque denoted by the curved 

device 150 may be worn by an athlete that is performing a arrow 188 is superimposed around a virtual representation of 
squat exercise on the instrumented treadmill 10 , 10 the wrench 182. Alternatively , the head - mounted visual 
described above . In this example , one or more reflective 25 display device 170 in FIG . 30 may be in the form of a mixed 
markers may be attached to one or more respective joints of reality headset where the graphical representation of the 
the athlete ( e.g. , the knee joint and / or ankle joint ) so that the applied fastener torque denoted by the curved arrow 188 is 
cameras 50 of the motion capture system described above superimposed around the actual wrench 182 that is viewable 
are able to detect the joint position ( s ) of the athlete by means through the mixed reality headset by the person 180 . 
of these reflective marker ( s ) . When performing the squat 30 In still one or more other alternative embodiments , the 
exercise on the instrumented treadmill 10 , 10 ' , if the athlete head - mounted visual display device 150 may be worn by a 
is applying too much of the load to his or her joints ( e.g. , the patient 154 with a prosthesis 158 ( e.g. , refer to FIG . 27 ) . For 
knee joint and / or ankle joint ) rather using his or her muscles example , the patient 154 wearing the head - mounted visual 
to perform the squat exercise , then the data acquisition / data display device 150 may be self - adjusting the prosthesis 158 
processing device 60 may be programmed to superimpose a 35 on his leg so as to improve his gait , and a graphical 
red indicator light on the one or more joints ( e.g. , the knee representation of the force line or load line 160 for adjusting 
joint and / or ankle joint ) using the head - mounted visual the prosthesis 158 may be displayed on the head - mounted 
display device 150 so that the athlete can reduce the load on visual display device 150 so that the patient 154 is able to 
the one or more joints ( e.g. , the knee joint and / or ankle more accurately make adjustments to the prosthesis 158. In 
joint ) . Conversely , when performing the squat exercise on 40 this embodiment , the graphical representation of the force 
the instrumented treadmill 10 , 10 ' , if the athlete is not line or load line 160 displayed on the head - mounted visual 
applying an excessive load to his or her joints ( e.g. , the knee display device 150 may be updated in real - time so that the 
joint and / or ankle joint ) during the squat exercise , then the patient 154 is able to continually make adjustments to the 
data acquisition / data processing device 60 may be pro- prosthesis 158 to achieve a best fit . In this embodiment , the 
grammed to superimpose a green indicator light on the one 45 head - mounted visual display device 150 may be in the form 
or more joints ( e.g. , the knee joint and / or ankle joint ) using of a virtual reality headset where the graphical representa 
the head - mounted visual display device 150 so that the tion of the force line or load line 160 is superimposed on a 
athlete is informed that the load being applied to the one or virtual representation of the prosthesis 158. Alternatively , 
more joints ( e.g. , the knee joint and / or ankle joint ) is the head - mounted visual display device 150 may be in the 
acceptable . 50 form of a mixed reality headset where the graphical repre 

In yet one or more other alternative embodiments , the sentation of the force line or load line 160 is superimposed 
head - mounted visual display device 150 may be worn by a on the actual prosthesis 158 that is viewable through the 
person performing a different type of task ( i.e. , a non - athletic mixed reality headset by the patient 154 . 
task ) . For example , the person wearing the head - mounted Now , referring again to FIG . 10 , the data transfer paths 
visual display device 150 may be using a wrench to tighten 55 82-98 , 102 , and 104 between the hardware and software 
a fastener , and a graphical representation of the tightening layers 70 , 72 , 74 , 76 , 78 of the force measurement systems 
torque generated by the person may be displayed on the 100 , 200 will be explained . In FIG . 10 , it can be seen that the 
head - mounted visual display device 150 , and superimposed instrumented treadmill 10 , 10 ' is operatively coupled to the 
about the head of the fastener so that the person is able to programmable logic controller ( PLC ) 58 by the data transfer 
adjust the applied tightening torque based on the feedback 60 path 82 , which allows data to be transferred in both direc 
received from the graphical representation of the torque on tions between the instrumented treadmill 10 , 10 ' and the 
the head - mounted visual display device 150. In this embodi- programmable logic controller ( PLC ) 58. For example , the 
ment , the graphical representation of the torque displayed on treadmill control signals are sent from the programmable 
the head - mounted visual display device 150 may be updated logic controller ( PLC ) 58 to the instrumented treadmill 10 , 
in real - time so that the person is able to continually make 65 10 ' , and feedback data in the form of belt speed , accelera 
adjustments to the tightening torque applied to the head of tion , and position is sent from the instrumented treadmill 10 , 
the fastener . Also , in this embodiment , the measurement 10 ' to the programmable logic controller ( PLC ) 58. Also , as 
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shown in FIG . 10 , the auxiliary input / output devices 68 are to be displayed in real time on the spherical screen 31 of the 
operatively coupled to the programmable logic controller visual display device 30 during a gait trial . 
( PLC ) 58 by the data transfer path 84 , which allows data to With reference once again to FIG . 10 , it can be seen that 
be transferred in both directions between the auxiliary data is transferred between the system integration software 
input / output devices 68 and the programmable logic con- 5 75 and the user - developed virtual reality interface software 
troller ( PLC ) 58. For example , as described above , the layer 78 ( or user - developed application software layer 78 ) 
auxiliary input / output devices 68 of the system 100 , 200 via the data transfer path 96. For example , the data is 
may be connected to the input / output ( I / O ) module of the transferred between the system integration software 75 and 
programmable logic controller 58 , which enables the aux- the user - developed application software layer 78 by means 
iliary input / output devices 68 to be easily synchronized with 10 of a motion management ( MM ) server . The MM server is the 
the rest of the system components ( e.g. , if one or more two - way communication protocol used for the data transfer 
treadmill belt tachometers are provided as auxiliary input / between the system integration software 75 and the user 
output devices 68 , it is advantageous to connect these developed application software 78. Any data that is available 
devices to the PLC 58 so that they are synchronized with the in the system integration software 75 is capable of being sent 
operation of the instrumented treadmill 10 , 10 ' ) . Further , as 15 to the user - developed application software 78. For example , 
illustrated in FIG . 10 , it can be seen that the motion base 52 in the illustrative embodiment , the treadmill belt speed , the 
is operatively coupled to the programmable logic controller speed scaling factor , the calculated output forces , and the 
( PLC ) 58 by the data transfer path 86 , which allows data to center of pressure ( COP ) is sent to the user - developed 
be transferred in both directions between the motion base 52 application software 78. The belt speed and speed scaling 
and the programmable logic controller ( PLC ) 58. For 20 factor are used to control the optic flow at the same speed as 
example , motion base control signals are sent from the the treadmill belts . The output forces and center - of - pressure 
programmable logic controller ( PLC ) 58 to the motion base ( COP ) may be simply displayed on the spherical screen 31 
52 , and feedback data in the form of motion base position , in graphical form for biofeedback purposes ( e.g. , feedback 
velocity , and acceleration is sent from the motion base 52 to display charts ) , or alternatively , may be used for any com 
the programmable logic controller ( PLC ) 58 . 25 plex visual feedback , such as that used in animation . As 

Also , as depicted in FIG . 10 , it can be seen that data described hereinafter , in some embodiments , the data trans 
acquired by the cameras 50 of the motion capture system is fer path 96 may be omitted when the force measurement 
transferred via the data transfer path 88 to a data acquisition / systems 100 , 200 are provided with a separate virtual reality 
data processing device ( i.e. , computing device ) with the software dynamic - link library ( DLL ) layer . As an example , 
motion capture software 80 loaded thereon . As described 30 the belt speed of the instrumented treadmill 10 , 10 ' may be 
above , the motion capture software 80 is used to calculate transferred from the system integration software 75 to the 
joint kinematics and kinetics using the data from the instru- user - developed application software 78 so that the user 
mented treadmill 10 , 10 ' and the motion capture system , and developed application software 78 may use these parameters 
to identify gait events , such as heel strike . Referring again to to set the speed of the optic flow . Conversely , as another 
FIG . 10 , it can be seen that data is sent from the program- 35 example , scene selection data may be transferred from the 
mable logic controller ( PLC ) 58 to the system integration user - developed application software 78 to the system inte 
software 75 via the data transfer path 90. The data path 90 gration software 75 if there are multiple scenes from which 
is used to transfer data from the firmware of the PLC 58 to a user is able to choose . In this example , a scene selection 
the system integration software 75 so that the variables command is sent from the user - developed application soft 
defined in the firmware are capable of being accessed by the 40 ware 78 to the system integration software 75 so that a user 
treadmill control software on the computer user interface is able to select , for example , different ground surface types 
( UI ) of the instrumented treadmill 10 , 10 ' using this proto- in a virtual scenario or different levels of difficulty in a 
col . In addition , as shown in FIG . 10 , analog force mea- virtual scenario . In the illustrative embodiment , all of the 
surement data is sent from the instrumented treadmill 10 , 10 ' variables in the virtual scenario are stored in the system 
to the system integration software 75 via the data transfer 45 integration layer 74 ( e.g. , ground surface type , etc. ) . 
path 92. Advantageously , the data paths 82 , 90 , 92 allow Also , as illustrated in FIG . 10 , it can be seen that 
both analog data and digital data to be collected from the commands are sent from the user - developed virtual reality 
instrumented treadmill 10 , 10 ' and to be delivered to the interface software layer 78 ( or user - developed application 
system integration software 75 simultaneously . As described software 78 ) to the projector 40 of the visual display device 
above , the analog force measurement data acquired by the 50 30 via the data transfer path 98 so that the scene images 
pylon - type force transducers 56 of the instrumented tread- generated by the user - developed application software 78 
mill 10 , 10 ' may be converted to digital force measurement may be displayed on the spherical screen 31 of the visual 
data using an analog - to - digital ( A / D ) board , and then con- display device 30. Turning again to FIG . 10 , when a separate 
verted to output load data by means of a data acquisition / virtual reality software DLL layer is provided , it can be seen 
data processing device ( i.e. , measurement computing 55 that data is transferred between the system integration 
device ) . If the researcher or clinician wants to use analog software 75 and the virtual reality software DLL 76 via the 
data instead of digital data , the data path 92 enables the data transfer path 102. More particularly , as shown in FIG . 
system integration software 75 to directly read the analog 10 , data is sent from the system integration software 75 to 
data from the instrumented treadmill 10 , 10 ' . Also , as the virtual reality software DLL 76 via the MM server , and 
illustrated in FIG . 10 , data processed by the motion capture 60 from the virtual reality software DLL 76 to the system 
software 80 is sent to the system integration software 75 via integration software 75 via the MM server . In FIG . 10 , it can 
the data transfer path 94. The data path 94 allows the marker also be seen that , when a separate virtual reality software 
data collected by the cameras 50 to be sent to the system DLL layer is provided , data is transferred between the virtual 
integration software 75 for processing . This marker data is reality software DLL 76 and the user - developed application 
used to calculate the joint kinematics and kinetics , which are 65 software 78 via the data transfer path 104. Like the data path 
synchronized with the force data from the instrumented 102 between the system integration software 75 and the 
treadmill 10 , 10 ' , so that the movement of the subject is able virtual reality software DLL 76 , the data path 104 between 
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the virtual reality software DLL 76 and the user - developed of being used with a diverse selection of subject populations 
application software 78 also allows data to be transferred in ( e.g. , adult / pediatric , healthy / pathological , etc. ) . 
both directions . When the force measurement systems 100 , In an exemplary embodiment , the data acquisition / data 
200 are provided with the separate virtual reality software processing device 60 of the force measurement systems 100 , 
DLL layer , the data paths 102 , 104 may be used in lieu of the 5 200 generates a scene image with a plurality of different 
data path 96 . ground surfaces ( e.g. , concrete , grass , sand , gravel , etc. ) . 

Finally , with reference again to the block diagram of FIG . These scene images are then displayed on the on the 
10 , it can be seen that the system integration software 75 is spherical screen 31 of the visual display device 30 so that the 
capable of sending and receiving signals to and from the scene images are able to viewed by the subject while he 

10 walks or runs on the instrumented treadmill 10 , 10 ' . In this auxiliary input / output devices 68 via the data transfer path exemplary embodiment , the control variable is the treadmill 106. For example , the system integration software 75 may 
send and receive signals from the head movement tracking belt speed and the output variable is the number of miles 

traveled by the subject on the instrumented treadmill 10 , 10 ' system , the treadmill belt speed measurement devices , the ( i.e. , belt travel ) . one or more inertial measurement units ( IMUS ) , the galvanic In the exemplary embodiment , the decreasing order of stimulator and / or the hand trigger mentioned above . For treadmill belt speed for different ground surfaces may be as example , when a hand trigger is provided as one of the follows : ( i ) paved ground surface highest belt speed , ( ii ) 
auxiliary input / output devices 68 to the system 100 , 200 , the grass ground surface_intermediate belt speed , and ( iii ) sand 
hand trigger may send a pulse to the system integration or dirt ground surface lowest belt speed . In the user 
software 75 , which can be used to mark events in the data 20 developed application software 78 , the variable " grd_sur 
set based on the researcher's observations or clinician's face ” may be associated with the type of ground surface that 
observations . Advantageously , the auxiliary input / output is being displayed on the spherical screen 31 of the visual 
devices 68 provide additional information about the move- display device 30 to the subject . As the ground surface that 
ment of the subject , and also may enable various muscles of is displayed on the spherical screen 31 changes , the variable 
the subject to be activated ( i.e. , in the case of galvanic 25 “ grd_surface ” is continuously updated in the user - developed 
stimulator ) . For example , the head tracker is capable of application software 78 , and the values of the variable 
determining the position of the subject's head , while the eye “ grd_surface ” are continually passed to the system integra 
tracker is capable of determining the position of the sub- tion software 75 at the system integration layer 74. By 
ject's eyes . Also , when the output of these two devices is means of communicating with the instrumented treadmill 
combined , the gaze direction of the subject is capable of 30 10 , 10 ' through the programmable logic controller 58 , the 
being determined . As another example , when electromyog- system integration software 75 then continually updates the 
raphy ( EMG ) devices are provided as one of the auxiliary treadmill belt speed based on the value of the variable 
input / output devices 68 , information about the muscle acti- " grd_surface ” . For example , when the variable " grd_sur 
vations of the subject are capable of being determined by the face ” is set to a value “ 3 ” indicative of a paved ground 
system 100 , 200. As yet another example , when a foot 35 surface , the treadmill belt speed may be set to 2.0 meters per 
switch is provided as one of the auxiliary input / output second ( 2.0 m / s ) . When the variable " grd_surface ” is set to 
devices 68 , the foot switch may be used to indicate gait a value “ 2 ” indicative of a grass ground surface , the tread 
patterns of the subject or to trigger auditory feedback that is mill belt speed may be set to 1.5 meters per second ( 1.5 m / s ) . 
delivered to the subject . As still another example , when a Finally , when the variable “ grd_surface ” is set to a value “ 1 ” 
galvanic stimulator is provided as one of the auxiliary 40 indicative of a sand ground surface , the treadmill belt speed 
input / output devices 68 , signals may be sent to the galvanic may be set to 1.0 meters per second ( 1.0 m / s ) . 
stimulator based on one or more gait events in order to With reference to FIGS . 13-16 , an immersive island 
trigger a voltage to activate certain muscles of the subject . pathway scene in accordance with another illustrative 
Advantageously , because the data transfer path 106 allows embodiment of the invention will be described . Initially , 
auxiliary input / output devices 68 to be connected directly to 45 with reference to FIG . 13 , it can be seen that the island 
the system integration software 75 , the number of analog screen image 120 comprises a walking pathway with a rocky 
inputs to the programmable logic controller ( PLC ) 58 is able portion 122 forming a portion of the pathway . The rocky 
to be reduced as a result of the auxiliary input / output devices portion 122 of the island pathway represents a paved ground 
68 not all being required to be connected to the PLC 58 . surface encountered by the subject . When the subject walks 
Next , the closed loop biofeedback functionality of the 50 across the rocky portion 122 of the pathway in the virtual 

illustrative force measurement systems 100 , 200 will be island scene , the user - developed application software 78 , 
described with reference to immersive scenarios depicted in sets the variable “ grd_surface ” to a value “ 3 ” indicative of 
FIGS . 13-23 . In the illustrative embodiment , the control a paved ground surface , which in turn , results in the tread 
parameters of the instrumented treadmill 10 , 10 ' may change mill belt speed assuming its highest setting , as described 
in accordance with the scene that is being displayed on the 55 above . Next , turning to FIG . 14 , it can be seen that the island 
spherical screen 31 of the visual display device 30. Also , screen image 120 ' comprises a walking pathway with a 
auditory feedback may be provided to the subject while he grassy portion 124 forming a portion of the pathway . When 
or she is disposed on the instrumented treadmill 10 , 10 ' . In the subject walks across the grassy portion 124 of the 
addition , the closed loop biofeedback functionality of the pathway in the virtual island scene , the user - developed 
system 100 , 200 may have varying levels of difficulty . 60 application software 78 , sets the variable “ grd_surface ” to a 
Further , head movement tracking system to measure the value “ 2 ” indicative of a grassy ground surface , which in 
head movement of the subject and / or an eye movement turn , results in the treadmill belt speed assuming its inter 
tracking system to measurement the eye movement of the mediate setting , as described above . Then , with reference to 
subject may be utilized in conjunction with closed loop FIG . 15 , it can be seen that the island screen image 120 " 
biofeedback functionality of the systems 100 , 200. Advan- 65 comprises a walking pathway formed from a combination of 
tageously , the closed loop biofeedback functionality of the dirt and sand 126. When the subject walks across the 
illustrative force measurement systems 100 , 200 is capable walking pathway comprising the combination of dirt and 
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sand 126 in the virtual island scene , the user - developed to “ 1 ” , treadmill belt speed is set to , or remains at the current 
application software 78 , sets the variable “ grd_surface ” to a treadmill belt speed . Although , if the variable " target_ 
value “ 1 ” indicative of a dirt and / or sand ground surface , reached ” is set to “ l ” and the variable “ target_focus ” is set 
which in turn , results in the treadmill belt speed assuming its to “ O ” , the system integration software 75 reduces the 
lowest setting , as described above . 5 treadmill belt speed by a predetermined amount ( e.g. , cur 
As another exemplary scenario in the exemplary embodi- rent treadmill belt speed of 2.0 m / s - 0.25 m / s = 1.75 m / s ) . 

ment , the subject may be walking along on a paved or other That way , the speed of the treadmill belt speed is reduced so 
surface type in the virtual environment displayed on the as to make it easier for the subject to properly focus on the 
spherical screen 31 of the visual display device 30 , and then intended target . 
suddenly encounters a puddle of water on the walking 10 In one or more embodiments , the intended targets that are 
surface . In this exemplary scenario , while the subject is displayed on the spherical screen 31 of the visual display 
crossing the puddle , the treadmill belt speed is reduced . For device 30 are not part of a virtual keyboard on the screen 31 
example , in the immersive island pathway scene of FIG . 16 , for controlling the operation of the treadmill , wherein the 
the island screen image 120 ' " comprises a walking pathway virtual keyboard is intended to replace and / or supplement 
with a puddle 128 disposed across a portion of the walking 15 the typical hardware - based treadmill control panel . Rather , 
path . When the subject walks across the puddle 128 in the as described hereinafter in the illustrative embodiment of 
virtual island scene , the treadmill belt speed is reduced . In FIGS . 17-23 , the intended targets are objects in an immer 
order to implement this reduction in treadmill belt speed , the sive scene displayed on the screen 31 of the visual display 
user - developed application software 78 may set a Boolean device 30 , such as the targets 136 described below . 
variable " grd_puddle " continuously while the subject navi- 20 With reference to FIGS . 17-23 , an immersive castle scene 
gates through the virtual environment . This variable “ grd_ in accordance with yet another illustrative embodiment of 
puddle " is continually received by the system integration the invention will be described . Initially , with reference to 
software 75 from the user - developed application software FIG . 17 , it can be seen that the castle screen image 130 
78. If the variable " grd_puddle ” set is set to “ O ” , the comprises a carpeted pathway portion 132 and a tiled 
treadmill belt speed is set at the current belt speed . However , 25 pathway portion 134. In the immersive castle scene , the 
if a puddle appears in the virtual environment , the variable subject progresses down the virtual pathway in the castle 
" grd_puddle ” is set to “ 1 ” , and this value is sent to the with the carpeted and tiled pathway portions 132 , 134. The 
system integration software 75. Then , by means of commu- castle screen images of FIGS . 18 and 19 are substantially 
nicating with the instrumented treadmill 10 , 10 ' through the identical to the castle screen image 130 of FIG . 17 , except 
programmable logic controller 58 , the system integration 30 that the screen image of FIG . 18 comprises a target 136 
software 75 reduces the treadmill belt speed by a predeter- disposed in the lower , left - hand corner of the scene image , 
mined amount ( e.g. , current treadmill belt speed of 2.0 while the screen image of FIG . 19 comprises a target 136 
m / s - 0.25 m / s = 1.75 m / s ) . In a similar manner , the current disposed in the right - hand corner of the scene image . 
belt speed of the instrumented treadmill 10 , 10 may be Similarly , the castle screen images of FIGS . 20 and 21 are 
reduced for an uneven surface or irregular rocky surface in 35 substantially identical to the castle screen image 130 of FIG . 
the virtual environment . 17 , except that the screen image of FIG . 20 comprises a 
As yet another exemplary scenario in the exemplary target 136 disposed in the upper , left - hand corner of the 

embodiment , the subject may be instructed to direct his or scene image , while the screen image of FIG . 21 comprises 
gaze at targets that will appear on the spherical screen 31 of a target 136 disposed in the upper , right - hand corner of the 
the visual display device 30 ( e.g. , the targets 136 in the 40 scene image . In addition , the castle screen images of FIGS . 
immersive castle scene of FIGS . 17-23 that will be described 22 and 23 are substantially identical to the castle screen 
hereinafter ) . In this scenario , the subject may be outfitted image 130 of FIG . 17 , except that the screen image of FIG . 
with a head tracker and / or an eye tracker in order to indicate 22 comprises two ( 2 ) spaced - apart targets 136 disposed at 
the gaze direction of the subject in order to determine the top of the scene image , while the screen image of FIG . 
whether or not the subject is looking at the intended targets 45 23 comprises two ( 2 ) spaced - apart targets 136 disposed in 
on the screen 31. In addition to , or as an alternative to the diagonally opposite upper and lower corners of the scene 
head tracker and / or eye tracker , the subject may be provided image ( i.e. , in the upper , left - hand corner of the screen image 
with a pointing device so that he or she is able to indicate the 130 and in the lower , right - hand corner of the screen image 
target direction by pointing to the targets on the screen . In 130 ) . For example , in the immersive castle scene , the subject 
this exemplary scenario , the variables “ target_reached ” and 50 is instructed to direct his or her gaze towards , or point at one 
“ target_focus ” may be maintained in the user - developed of the targets 136 in the scene image 130. In the immersive 
application software 78 , with both being set to values of “ O ” castle scene , if the subject is determined to be gazing in the 
at the beginning of the subject testing or training routine . direction of the target 136 and / or pointing at the target 136 , 
The values of these variables are sent to the system inte- the treadmill belt speed is set to , or remains at the current 
gration software 75 at the system integration layer 74. When 55 treadmill belt speed in the manner described above . How 
a target appears on the screen 31 , the value of the variable ever , if the subject is determined to be gazing in an incorrect 
“ target_reached ” is set to “ 1 ” in the user - developed appli- direction ( i.e. , in a direction not directed at the target ) , the 
cation software 78 , and the position of the subject's head treadmill belt speed will be reduced by a predetermined 
and / or eyes is determined using the head tracker and / or eye amount in the manner described above so as to make it easier 
tracker . Similarly , if the pointing device is used in addition 60 for the subject to properly focus on the target 136. When two 
to , or as an alternative to the head tracker and / or eye tracker , ( 2 ) spaced - apart targets 136 are disposed on the screen , as in 
the pointing direction of the subject is determined . If the FIGS . 22 and 23 , the subject may be instructed to gaze 
subject is determined to be gazing in the direction of the and / or point in the direction of the targets 136 in succession . 
target and / or pointing at the target , the value of the variable That is , initially the subject may be asked to gaze and / or 
" target_focus ” is set to “ 1 ” , otherwise the value of the 65 point in the direction of the first target , and then subse 
" target_focus ” is set to “ O ” . If both the variable “ target_ quently , the subject may be asked to gaze and / or point in the 
reached ” is set to “ 1 ” and the variable “ target_focus ” is set direction of the second target . Also , similar to the immersive 
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island scene described above , the treadmill belt speed may sistently varied over time in order to ensure that the subject 
be modified in accordance with the ground surface type in is centered in a longitudinal direction of the treadmill belt ) . 
the immersive castle scene of FIGS . 17-23 . For example , In this scenario , a continuous sound is emitted by the 
when the subject walks across the carpeted pathway portion speakers 25 , but as the subject's speed changes , different 
132 of the pathway in the castle , the user - developed appli- 5 parameters of the continuous auditory signal are modified , 
cation software 78 , sets the variable " grd_surface ” to a value such as the volume or pitch of the sound . 
“ 2 ” indicative of a carpeted surface , which in turn , results in Also , in the self - paced mode , the data acquisition / data 
the treadmill belt speed assuming its intermediate setting , as processing device 60 may be programmed such that the 
described above . When the subject walks across the tiled optic flow is also self - paced . In particular , when the subject 
pathway portion 134 of the pathway in the castle , the 10 is walking through any scene on the visual display device 30 
user - developed application software 78 , sets the variable in the self - paced mode , the optic flow is set based on the 
“ grd_surface " to a value “ y ” indicative of a pavement speed of the treadmill 10 , 10 ' ( i.e. , the optic flow is syn 
surface , which in turn , results in the treadmill belt speed chronized with the speed of the treadmill 10 , 10 ' ) . This way , 
assuming its highest setting , as described above . the optic flow is also self - paced and user - controlled . 

In the exemplary embodiment , when the motion base 52 15 The varying levels of difficulty in the exemplary embodi 
is provided as part of the force measurement system 200 , the ment may be created by varying the belt speed of the 
motion base 52 may displace the instrumented treadmill 10 ' instrumented treadmill 10 , 10 ' . That is , the higher the level 
disposed thereon in accordance with the scene being dis- of difficulty , the greater the belt speed . Also , the belts speed 
played on the spherical screen 31 of the visual display device of the instrumented treadmill 10 , 10 ' may correspond to 
30. For example , if an inclined ground surface is being 20 different ground surface types displayed on the spherical 
displayed in the scene , then the instrumented treadmill 10 ' screen 31 of the visual display device 30. For example , when 
may be tilted by the motion base 52 so that it assumes an a subject is first beginning the testing or training routine , a 
inclined position corresponding to the inclined ground sur- scene containing a standard solid ground surface may be 
face in the scene . As another example , if a collision occurs displayed on the spherical screen 31 of the visual display 
in the scene ( i.e. , walking into a wall , etc. ) , then the motion 25 device 30. During this initial part of the testing or training 
base 52 may respond to the scene collision and / or the belt routine , the treadmill belt speed is at a first speed setting 
speed of the instrumented treadmill 10 ' may be reduced to ( e.g. , a low speed setting ) . Although , later in the testing or 
zero in response to the scene collision . training routine , a scene containing more challenging 

In the illustrative embodiment , the data acquisition / data ground surface , such as irregular gravel , may be displayed 
processing device 60 of the force measurement systems 100 , 30 on the spherical screen 31 of the visual display device 30 . 
200 may generate two different types of auditory feedback During this latter part of the testing or training routine , the 
that is capable of being delivered to the subject , namely treadmill belt speed is at a second speed setting than is 
discrete auditory feedback and continuous auditory feed- higher than the initial speed setting so that it is more 
back ( sonification ) . Discrete auditory feedback is simpler to challenging for the subject . Also , in the exemplary embodi 
interpret for subjects with neurological disorders , but for 35 ment , certain treadmill speeds and certain ground surfaces 
some , it may be so easy that their brain stops recognizing it . may indicate different levels of difficulty , which can be 
As such , in the illustrative embodiment , both types of accessible only after completing a predetermined number of 
auditory feedback are provided . For example , a discrete miles on the treadmill . As another example , the scene 
signal in the form of a beep or gong is delivered to the displayed on the spherical screen 31 of the visual display 
subject after every mile that is traveled by the subject on the 40 device 30 may comprise one or more obstacles therein that 
instrumented treadmill 10 , 10 ' . In this same example , the become increasing more difficult as the testing or training 
sonification feedback results in changing some sound routine progresses over time ( e.g. , a virtual obstacle that is 
parameter ( rhythm / pitch ) based on the movement , such as a placed in front of the subject may become larger with 
background score with changing rhythm and / or pitch as per increasing levels of difficulty so that it becomes increasingly 
change in belt speed . 45 more difficult for the subject to step over , or maneuver 
As shown in FIGS . 1-6 , in the illustrative embodiment , a around the obstacle ) . 

pair of speakers 25 may be used to deliver the auditory In the exemplary embodiment , the head movement track 
feedback to the subject disposed on the instrumented tread- ing system or the eye movement tracking system may be 
mill 10 , 10 ' . In the illustrative embodiment , the left speaker used an input device to select different paths in the scene on 
25 delivers auditory feedback to the subject regarding the 50 the spherical screen 31 of the visual display device 30. For 
left side movement of the subject ( e.g. , auditory feedback example , the subject may be given all three ( 3 ) of the 
regarding the movement of the subject's left leg ) , while the following options for selecting a particular path in the visual 
right speaker 25 delivers auditory feedback to the subject world : ( i ) remote control , ( ii ) head tracker , and ( iii ) eye 
regarding the right side movement of the subject ( e.g. , tracker . For example , if the subject rotates his or her head to 
auditory feedback regarding the movement of the subject's 55 the left , the head tracker and / or eye tracker detects the 
right leg ) . As mentioned above , the auditory feedback may left - pointing orientation of the subject's head , and selects a 
be in the form of a discrete signal and / or a continuous signal . path in the visual scene that corresponds to this left position 
For example , a scenario using a discrete auditory signal may ( e.g. , a path on the left side of the visual scene ) . As such , in 
involve a subject walking on the treadmill while the number these embodiments , the subject may navigate through the 
of miles traversed by the subject is tracked by the system 60 immersive scenario using the head tracker and / or eye 
100 , 200. In this scenario , a goal may be set for the number tracker . 
of miles ( e.g. , after every mile , a discrete auditory feedback In one further embodiment , the data acquisition / data 
in the form of a beep / gong or any other suitable sound may processing device 60 ( i.e. , the operator computing device ) 
be emitted by the speakers 25 ) . As another example , a generates a virtual reality environment with an avatar , and 
scenario using a continuous auditory signal may involve a 65 displays the virtual reality environment with the avatar on 
subject walking on the treadmill in a self - paced mode ( i.e. , the spherical screen 31 of the visual display device 30. For 
in the self - paced mode , the speed of the treadmill is con- example , the immersive virtual reality environment may 
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comprise a scenario wherein an avatar is shown walking at least one force transducer , the at least one force 
along a bridge or down an aisle of a grocery store . The avatar transducer configured to sense one or more measured 
image displayed on the screen 31 represents , and is manipu quantities and output one or more signals that are 
lated by the subject disposed on the instrumented treadmill representative of forces and / or moments being 
10 , 10 ' . The animated movement of the avatar image on the 5 applied to the top surface of the force measurement 
screen 31 is controlled based upon the positional informa assembly by the system user ; 
tion acquired by the motion capture system described above , a head - mounted visual display device having an output 
as well as the force and / or moment data acquired from the screen , the head - mounted visual display device config 
instrumented treadmill 10 , 10 ' . In other words , an animated ured to display one or more images on the output screen 
skeletal model of the subject is generated by the data 10 so that the one or more images are viewable by the 
acquisition / data processing device 60 using the acquired system user ; and 
data from the motion capture system and the instrumented a data processing device operatively coupled to the force 
treadmill 10 , 10 ' . The data acquisition / data processing measurement assembly and the head - mounted visual 
device 60 then uses the animated skeletal model of the display device , the data processing device configured to 
subject to control the movement of the avatar image on the 15 receive the one or more signals that are representative 
spherical screen 31 of the visual display device 30. The of the forces and / or moments being applied to the top 
avatar image is created on the screen 31 by the data surface of the force measurement assembly by the 
acquisition data processing device 60 mapping the actual system user and to convert the one or more signals into 
coordinates of the testing or training environment into the force and / or moment output data , the data processing 
virtual world that is displayed on the screen 31 . device further configured to generate one or more 

In another further embodiment , the data acquisition / data graphical representations of the force and / or moment 
processing device 60 ( i.e. , the operator computing device ) output data for superimposition onto a visual represen 
may generate a screen image with one or more visual tation of the system user and / or an object being 
perturbations , and display the screen image with the one or manipulated by the system user , and display the super 
more visual perturbations on the spherical screen 31 of the 25 imposed force and / or moment output data on the head 
visual display device 30. For example , in one exemplary mounted visual display device so that the system user 
embodiment , the perturbation screen image may comprise a is able to visualize the superimposed force and / or 
substantially blank screen that oscillates back - and - forth ( i.e. , moment output data when wearing the head - mounted 
shakes back - and - forth ) so as to perturb the subject while he visual display device , and adjust his or her movements 
or she is disposed on the instrumented treadmill 10 , 10 ' . based upon feedback from the superimposed force 

It is readily apparent that the embodiments of the force and / or moment output data ; and 
measurement system 100 , 200 described above offer numer- wherein the system user is a patient wearing a prosthesis , 
ous advantages and benefits . First of all , the embodiments of and the one or more graphical representations of the 
the force measurement system 100 , 200 explained herein force and / or moment output data superimposed on the 
include an immersive visual display device 30 that enables 35 system user comprise a force line to facilitate a self 
a subject being tested to become fully immersed in a virtual adjustment of the prosthesis by the patient , and wherein 
reality scenario or an interactive game . In addition , the the force line is generated based upon the force and / or 
embodiments of the force measurement system 100 , 200 moment output data from the force measurement 
described above are capable of fully immersing a subject in assembly . 
a virtual reality environment , yet compact enough to fit in 40 2. The measurement system according to claim 1 , wherein 
typical building spaces . the head - mounted visual display device is in the form of an 
Any of the features or attributes of the above described augmented reality headset , a virtual reality headset , or a 

embodiments and variations can be used in combination mixed reality headset . 
with any of the other features and attributes of the above 3. The measurement system according to claim 1 , wherein 
described embodiments and variations as desired . 45 the one or more graphical representations of the force and / or 

Although the invention has been shown and described moment output data superimposed on the visual represen 
with respect to a certain embodiment or embodiments , it is tation of the system user and / or the object being manipulated 
apparent that this invention can be embodied in many by the system user further comprise one or more force and / or 
different forms and that many other modifications and one or more moments . 
variations are possible without departing from the spirit and 50 4. The measurement system according to claim 1 , wherein 
scope of this invention . the data processing device is further configured to generate 
Moreover , while exemplary embodiments have been a visual representation of the system user in the form of an 

described herein , one of ordinary skill in the art will readily avatar , and wherein the force and / or moment output data is 
appreciate that the exemplary embodiments set forth above superimposed on the avatar . 
are merely illustrative in nature and should not be construed 55 5. The measurement system according to claim 1 , wherein 
as to limit the claims in any manner . Rather , the scope of the the force measurement assembly is in the form of a force 
invention is defined only by the appended claims and their plate or an instrumented treadmill . 
equivalents , and not , by the preceding description . 6. The measurement system according to claim 1 , wherein 

the at least one measurement assembly further comprises a 
The invention claimed is : 60 motion capture system comprising at least one motion 
1. A measurement system , comprising : capture device configured to detect the motion of one or 
at least one measurement assembly , the at least one more body portions of the system user . 
measurement assembly comprising a force measure- 7. The measurement system according to claim 6 , wherein 
ment assembly configured to receive a system user , the the data processing device is further configured to determine 
force measurement assembly including : 65 one or more positions of the one or more body portions of 
a top surface for receiving the body of the system user ; the system user from the at least one motion capture device ; 

and and 
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wherein the one or more graphical representations of the superimposed on the visual representation of the another 
force and / or moment output data generated by the data system user and / or the object being manipulated by the 
processing device and superimposed onto the visual another system user comprise a graphical representation of 
representation of the system user further are generated a force or torque associated with the athlete so that the 
using the one or more positions of the one or more body 5 athlete is able to improve his or her athletic performance by 
portions of the system user determined from the at least self - training 
one motion capture device . 12. A measurement system , comprising : 

8. The measurement system according to claim 6 , wherein a force measurement assembly configured to receive a 
the force measurement assembly is in the form of a force system user , the force measurement assembly includ 
plate or an instrumented treadmill . ing : 

9. The measurement system according to claim 1 , wherein a top surface for receiving the body of the system user ; 
another system user is an athlete , and wherein the one or and 
more graphical representations of the force and / or moment at least one force transducer , the at least one force 
output data superimposed on the visual representation of the transducer configured to sense one or more measured 
another system user and / or the object being manipulated by 15 quantities and output one or more signals that are 
the another system user comprise a graphical representation representative of forces and / or moments being 
of a force or torque associated with the athlete so that the applied to the top surface of the force measurement 
athlete is able to improve his or her athletic performance by assembly by the system user ; 
self - training a motion capture system comprising at least one motion 

10. A measurement system , comprising : capture device configured to detect the motion of one or 
a force measurement assembly configured to receive a more body portions of the system user ; 

system user , the force measurement assembly includ- a head - mounted visual display device having an output 
ing : screen , the head - mounted visual display device config 
a top surface for receiving the body of the system user ; uredto display?negrmoreimages on the output screen 
and so that the one or more images are viewable by the 

at least one force transducer , the at least one force system user ; and 
transducer configured to sense one or more measured a data processing device operatively coupled to the force 
quantities and output one or more signals that are measurement assembly , the motion capture system , and 
representative of forces and / or moments being the head - mounted visual display device the data pro 
applied to the top surface of the force measurement 30 cessing device configured to receive the one or more 
assembly by the system user ; signals that are representative of the forces and / or 

a head - mounted visual display device having an output moments being applied to the top surface of the force 
screen , the head - mounted visual display device config measurement assembly by the system user , and 
ured to display one or more images on the output screen convert the one or more signals into output forces 
so that the one or more images are viewable by the 35 and / or moments , the data processing device further 
system user ; and configured to determine one or more body positions of 

a data processing device operatively coupled to the force the one or more body portions of the system user from 
measurement assembly and the head - mounted visual the at least one motion capture device , the data pro 
display device , the data processing device configured to cessing device further configured to generate one or 
receive the one or more signals that are representative 40 more graphical representations of the output forces , 
of the forces and / or moments being applied to the top moments , and / or the one or more body positions for 
surface of the force measurement assembly by the superimposition onto a visual representation of the 
system user , and to convert the one or more signals into system user and / or an object being manipulated by the 
output forces and / or moments , the data processing system user , and display the superimposed output 
device further configured to generate one or more 45 forces , moments , and / or one or more body positions of 
graphical representations of the output forces and / or the system user on the head - mounted visual display 
moments from the force measurement assembly for device so that the system user is able to visualize the 
superimposition onto a visual representation of the superimposed output forces , moments , and / or one or 
system user and / or an object being manipulated by the more body positions when wearing the head - mounted 
system user , and display the superimposed output 50 Visual display device , and adjust his or her movements 
forces and / or moments on the head - mounted visual based upon feedback from the superimposed qutput 
display device so that the system user is able to forces , moments , and / or one or more body positions ; 
visualize the superimposed output forces and / or and 
moments when wearing the head - mounted visual dis- wherein the system user is a patient wearing a prosthesis , 
play device , and adjust his or her movements based 55 and the one or more graphical representations of the 
upon feedback from the superimposed output forces output forces , moments , and / or the one or more body 
and / or moments ; and positions superimposed on the visual representation of 

wherein the system user is a patient wearing a prosthesis , the system user and / orthe object beingmanipulatedby 
and the one or more graphical representations of the the system user comprise a force line to facilitate a 
output forces and / or moments from the force measure self - adjustment of the prosthesis by the patient . 
ment assembly superimposed on the system user com- 13. The measurement system according to claim 12 , 
prise a force line to facilitate a self - adjustment of the wherein another system user is an athlete , and wherein the 
prosthesis by the patient . one or more graphical representations of the output forces , 

11. The measurement system according to claim 10 , moments , and / or the one or more body positions superim 
wherein another system user is an athlete , and wherein the 65 posed on the visual representation of the another system user 
one or more graphical representations of the output forces and / or the object being manipulated by the another system 
and / or moments from the force measurement assembly user comprise a graphical representation of a force or torque 

60 
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associated with the athlete so that the athlete is able to 
improve his or her athletic performance by self - training . 


